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SUNDAY, JULY 28, 1991

STUDENT CENTER

12200 m-7:30 pm HOUSING & CONFERENCE
REGISTRATION

:30 pm-6:30 pm DINNER

5:30 pm-8:00 pm REGISTRATION AND
INFORMAL RECEPTION

MONDAY, JULY 29, 1991

ENDICOTT STUDENT CENTER
7:00 am-8:00 am BREAKFAST

ACADEMIC CENTER AUDITORIUM

3:00 am-10:00 am
MA, NEW MATERIALS
Daniei Rytz, Sandoz Optoelectronique, Switzerland, Presider

3:00 am

MA1 Observation and study of the photorefractive effect in
doped nonlinear polymers, D. M. Burland, S. Ducharme, W. E.
Moerner, J. C. Scott, C. A. Walsh, /IBM Almaden Research
Center. The photorefractive effect has been observed, we
nelieve for the first time, in several molecularly doped poly-
mers as confirmed and studied by a combination of absorp-
tion, photoconductivity, electrooptic, and four-wave mixing
measurements. (p. 2)

8:15 am

MA2 Characterization of a new photorefractive material:
Ki—yLT1_xN,, Aharon Agranat, Hebrew U, Jerusalem,
Israel; Rudy Hofmeister, Victor Leyva, Amnon Yariv, Cali-
fornia Institute of Technology. The addition of lithium to
KTN:Cu,V is demonstrated to yieid high diffraction efficiency
photorefractive gratings in the paraelectric phase. The beam
coupling is voltage controllable by the quadratic electrooptic
effect. Two beam diffraction efficiencies of 75% are observ-
ad for gratings written at 488 nm. (p. 6)

B8:30 am

MA3 New type of KNSBN:Cu crystal as a high-perform:
ance self-pumped phase conjugator, Guangyin Zhang, Jing-
jun Xu, Simin Liu, Yuanqing Wu, Nankai U., China; Yongyuan
Song, Huanchu Chen, Shandong U.,, China. A new photo-
refractive  medium—Cu-doped  (0.04wt%) (K, Nag o) .
'Sty 6:N@ 1) §ND, O, crystal—is found to have high self-
oumped phase-conjugate reflectivity up to 68% at the
514.5-nm laser wavelength. (p. 10)

3:45 am

MA4 New photorefractive material KNSBN:Co, Quanzhong
Jiang, Yongyuan Song, Datiang Sun, Xinliang Lu, Huanchu
Chen, Shongdong U., China. The crystal growth of
KNSBN:Co and its photorefractive properties is reported.
The measured photorefractive sensitivity is 10 cm?/J, the
.wo-wave coupling gain coefficient is 19 cm™, and the self-
oumped phase conjugation reflectivity is 46%. (p. 14)
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9:00 am

MA5 Photorefractive properties of Bi,Ge,0,, crystals in the
uitraviolet spectral range, G. Montemezzani, S. Pfandler, P.
Gunter, Swiss Federal Institute of Technology. Photorefrac-
tive effects have been observed in the ultraviolet spectral
region in undoped crystals of Bi,Ge,0,,. The relevant
material parameters have been characterized. (p. 18)

9:15 am

MA6 Observation of the photorefractive effect in semi-
insulating CdS, P. Tayebati, Foster-Miller Inc.; J. Kumar, D.
Barman, U. Lowell; S. Scott, Eagle Picher Research Labora-
tory. We report what we believe to be the first observation of
the photorefractive effect in cadmium sulfide. The maximum
gain coefficient measured is 0.3 cm™ at 633 nm. The
response time is 1 ms at an intensity of 150 mW/cm?.

(p. 22)

9:30 am

MA?7 High-order diffraction in photorefractive quantum
well structures, Q. N. Wang, D. D. Nolte, M. R. Melloch, Pur-
due U. Strong high-order diffraction signals caused by the
second harmonic of the dielectric grating have been observ-
ed in photorefractive quantum wells in a degenerate mixing
geometry. (p. 27)

9:45 am

MA8 Photorefractive properties of quantum-confined exci-
tons, D. D. Nolte, M. R. Melloch, Purdue U. Band-gap engi-
neering yields quantum well structures that have novel pho-
torefractive processes with no analog in bulk crystals. We
describe the material origins of these new photorefractive
effects. (p. 31)

10:00 am-10:30 am COFFEE BREAK

10:30 am-12:30 pm
MB, WAVE INTERACTIONS AND INSTABILITIES
A. Zozulya, Lebedev Physics Institute, U.S.S.R., Presider

10:30 am

MB1 Red-green diffraction instability in the photorefrac-
tive mixed crystal Bi,,Ti, Vo20.0 N. V. Kukhtarev, A.
Gnatovskii, Z. Yanchuk, T. Semenets, L. Pryadko, Y. Kargin,
Ukrainian Academy of Sciences, U.S.S.R; K. H. Ringhofer, U.
Osnabruck, Germany. Oscillation of the diffraction efficiency
of a red beam reading out a grating written by green beams
is explained by the interaction of interference patterns.

{p- 36)

10:45 am
MB2 Buildup and decay of photorefractive wave mixing
, Moshe Horowitz, Baruch Fischer, Technion-
Israel Institute of Technology. The buildup and decay of
photorefractive two- and four-wave mixing processes is stud-
ied. We show dependence on the coupling constant and the
ratio of the signal and pump intensities. The solution for
four-wave mixing with nondepleted pumps is identical to
two-wave mixing with unidirectional optical feedback cir-
cuits. (p. 39)
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11:00 am

MB3 Beam tfanning in coupled-wave theory of two-beam
coupling, M. D. Ewbank, F. R. Vachss, R. A. Vazquez, Rock-
well International Science Center. A simplistic representa-
tion of beam fanning of both the pump and amplified probe
beams is incorporated into the coupled-wave equations gov-
erning the two-beam coupling process. These modified
coupled-wave equations are solved analytically. (p. 43)

11:15 am

MB4 Instabilities in photorefractive bidirectional ring
oscillators, Q. Byron He, Pochi Yeh, UC-Santa Barbara;
Scott Campbeli, Claire Gu, Rockwell International Science
Center. We investigate the temporal stability of oscillations
in a photorefractive bidirectional ring cavity. Unstable
regions have been found theoreticaily and experimentally.

(p- 47)

11:30 am

MBS Spatial structure of scattered radiation in a self-
pumped photorefractive passive ring mirror, S. A. Korolkov,
A. V. Mamaev, V. V. Shkunov, Institute for Problems in Mech-
anics, U.S.S.R. Yu. S. Kuzminov, General Physics Institute,
U.S.S.R; A. A Zozulya, P. N. Lebedev Physics Institute,
U.S.S.R. A detailed experimental investigation of scattered
radiation spatial structure in a self-pumped photorefractive
passive ring mirror is carried out. Experimental results agree
with the predictions of a 3-D theoretical model. (p. 51)

11:45 am

MB6 Spatial solitons in photorefractive media, Mordechai
Segev, Amir Saar, Amnon Yariv, California Institute of Tech-
nology. We show that photorefractive media can support a
new type of spatiai solitons, in which the diffraction is bal-
anced by the self-scattering (two wave mixing) of the beam
spatial frequency components. (p. 55)

1200 m

MB7 Image degradation in a two-wave mixing spatial light
modulator, G. Notni, R. Kowarschik, Friedrich-Schiller U.
Jena, Germany. We report theoretical studies of image deg-
radation and spatial resolution properties of a two-wave mix-
ing spatial light modulator using the 2-D two-wave mixing
theory. (p. 59)

12:15 pm

MB8 Resolution limit of photorefractive spatial light modu-
lators, P. Amrhein, P. Gunter, Swiss Federal Institute of
Technology. The resolution limit of Bragg diffraction from a
photorefractive grating has been estimated theoretically and
studied with a spatial light modulator using KNbO, crystals.
p. 63)

STUDENT CENTER CAFETERIA
12:30 pm-1:30 pm LUNCH SERVED
1:30 pm-3:00 pm FREE TIME

vi
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ACADEMIC CENTER AUDITORIUM

3:00 pm-4:00 pm

MC, INVITED POSTER PREVIEW

Klaus Ringhofer, Universitat Osnabruck, Federal Republic
of Germany, Presider

ACADEMIC CENTER CLASSROOMS

4:00 pm-5:30 pm
MC, INVITED POSTER SESSION

MC1 Invited Poster Paper

High-sensitivity resonant photorefractive effect in semi-insul-
ating CdZnTe/ZnTe multiple quantum wells, A. Partovi, A. M.
Glass, D. H. Olson, G. J. Zydzik, K. T. Short, R. D. Feldman, R.
F. Austin, AT&T Bell Laboratories. We have demonstrated
the photorefractive effect in the visible (570-610 nm) in a
CdZnTelZnTe semi-insulating multiple quantum well device
with < 1-mW incident power. A factor of 250 improvement in
diffraction efficiency over previous results in multiple quan-
tum wells is obtained. (p. 68)

MC2 Invited Poster Paper

Influence of cobalt doping on deep and shallow trap depend-
ent photorefractive properties of barium titanate, M. H. Gar-
rett, J. Y. Chang, H. P. Jenssen, C. Warde, Massachusetts In-
stitute of Technology; P. Tayebati, Foster Milier, Inc. We
report intensity dependence of electrooptic and absorptive
gain, sublinear dependence of the response time on intensity
and light-induced dark decays of cobait-doped barium
titanate. (p. 72)

MC3 Invited Poster Paper

Electron-hole competition in InP:Fe: the role of multipie de-
fects, R. S. Rana, D. D. Nolte, Purdue U. Strong electron-hole
competition, caused by multiple defect levels, induces a
change in beam coupling direction and quenches four-wave
mixing near 225 K in InP:Fe. (p. 76)

MC4 Invited Poster Paper

Absorption gratings with multiple levels, R. S. Cudney, R. M.
Pierce, G. D. Bacher, Jack Feinberg, U. Southern California.
Beam coupling in cryslals having multiple trap levels does
not vanish as the grzting wavevector approaches zero; we
use this to determine important parameters in BaTiO,. {p. 80)

MCS5 Invited Poster Paper

Hot carrier enhancement of Dember photorefractive space-
charge fields in zincblende semiconductors, W. Andreas
Schroeder, Thomas S. Stark, Arthur L. Smirl, U. lowa; George
C. Valley, Hughes Research Laboratories. We use a novel,
picosecond transient-grating technique to measure the hot
carrier enhancement of the Dember photorefractive space-
charge field in zincbiende semiconductors. (p. 84)
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MC6 Invited Poster Paper

Detection of low intensity optical wavefronts using noise
reduction techniques in photorefractive amplifiers, H. Raj-
benbach, A. Delboulbe, J. P. Huignard, Thomson-CSF,
France. We demonstrate the detection and amplification of
subpicowatt optical signals via two-wave mixing in photore-
fractive BSO. For these experiments, the crystal entrance
face is strongly tilted with respect to the pump beam direc-
tion. (p. 88)

MC7 Invited Poster Paper

Fundamental noise limits in photorefractive systems,
Frederick Vachss, Claire Gu, John Hong, Tallis Chang, Rock-
well International Science Center. We examine the noise pro-
cesses affecting holographic recording and read out in pho-
torefractive materials. In particular, we find that the dynamic
range achievable in real-time holography is fundamentally
limited by fluctuations in both the charge density in the
recording material and in the intensities of the writing
beams. (p. 92)

MC8 Invited Poster Paper

Photorefractive noise suppression using achromatic grat-
ings, W. S. Rabinovich, G. C. Gilbreath, B. J. Feldman, U.S.
Naval Research Laboratory. We show that achromatic grat-
ing techniques can suppress beam fanning while still allow-
ing two-beam coupling to occur. (p. 97)

MC9 Invited Poster Paper

Two-beam coupling with partially coherent light, Hongzhi
Kong, Wieslaw Krolikowski, Mark Cronin-Golomb, Tufts U.
The influence of partial coherence on two-beam coupling in
a photorefractive material is investigated theoretically and
experimentally. Improvement in the coherence properties of
an amplified beam was observed in an experiment with
barium titanate crystal. (p. 101)

MC10 Invited Poster Paper

increase of mutual coherence of light beams in two-wave in-
teractions in photorefractive crystals, N. V. Bogodaev, L. I.
Ivieva, A. & Korshunov, N. M. Polozkov, General Physics In-
stitute, U.S.S.R.; V. V. Shkunov, Institute for Problems in
Mechanics, U.S.S.R. We show that two-wave mixing of par-
tially coherent beams may be used to increase the degree of
coherence of these beams. (p. 105)

MC11 Invited Poster Paper

Four-wave mixing steady-state solutions utilizing the under-
lying SU(2) group symmetry, D. Fish, A. K. Poweli, T. J. Hall,
King's College London, U.K. We show that the scalar tour-
wave mixing equations have an underlying symmetry in the
form of the SU(2) group. This formulation identifies the con-
served quantities of four-wave mixing in an obvious sense
rather than in the ad-hoc fashion used previously. (p. 108)

MC12 Invited Poster Paper

Why light beams follow curved paths in photorefractive
phase conjugators, V. V. Eliseev, General Physics institute,
Academy of Sciences of the U.S.S.R.. A. A. Zozulya, P. N.
Lebedev Physical Institute, Academy of Sciences of the
U.S8.8.R.; G. D. Bacher, Jack Feinberg, U. Southern California.
We explain why light beams appear to curve in photorefrac-
tive phase conjugators. (p. 109)

vii
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MC13 Invited Poster Paper

Reflection grating photorefractive self-pumped ring mirror, V.
A. D'yakov, Moscow State U., U.S.S.R.; S. A. Korolkov, A. V.
Mamaev, V. V. Shkunov. Institute for Problems in Mechanics,
US.S.R.; A. A. Zozulya, P. N. Lebedev Physics Institute,
U.S.S.R. A reflection grating self-pumped passive ring mirror
is experimentally realized in a photorefractive KNbO, crystal
in cw regime with a relaxation time of several milliseconds.
. 113

MC14 Invited Poster Paper

Photorefractive crystal waveguides and their applications,
Ken-ichi Kitayama, Fumihiko Ito, NTT Transmission Systems
Laboratories, Japan. Neural processing of an 500 x 500 im-
age seems realistic using holographic storage in 2-D photo-
refractive crystal waveguide (PCW) array. Phase-conjugate
image replication in PCW is also demonstrated. (p. 116)

MC15 Invited Poster Paper

Image transmission through multimode fiber and photore-
tractive crystal, A. Gnatovskii. A. Volyar, N. Kukhtarev, S.
Lapaeva. Academy of Sciences of the Ukr.SSR, Institute of
Physics, U.S.S.R. Amplitude mask image was transmitted
through 2-m multimode fiber using a correcting hologram
and polarization-preserving phase conjugation in photore-
fractive crystais with a photogalvanic response. (p. 120)

STUDENT CENTER CAFETERIA
5:30 pm-6:30 pm DINNER SERVED
6:30 pm-7:30 pm FREE TIME

ACADEMIC CENTER AUDITORIUM

7:30 pm-9:00 pm

MD, FEATURE SESSION ON OPTICAL STORAGE AND
MEMORIES

L. Hesselink, Stanford University, Presider

7:30 pm

MD1 Phase-coded hologram multiplexing for high-capacity
optical data storage, C. Denz, G. Pauliat, G. Roosen, CNRS
Institute of Theoretical and Applied Optics, France; T.
Tschudi. Technische Hochschule Darmstadt, Germany. We
present a deterministic phase coding method iur high-
capacity data storage in thick photorefractive materials. We
experimentally achieved a system able to discriminate mul-
tiple images with low crosstalk. {p. 122)

7:45 pm

MD2 Multimode operations of a holographic memory us-
ing orthogonal phase codes, Yoshinao Taketomi, Joseph
Ford, Hironori Sasaki, Jian Ma, Yeshaiahu Fainman, Sing H.
Lee, UC-San Diego. We describe a photoretractive memory
that uses binary orthogonal phase code addressing and
show how it can provide adaptive learning, selective erasure,
and perform compiex amplitude addition and subtraction of
memory contents. (p. 126)
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8:00 pm

MD3 High-resolution volume holography using orthogonal
data storage, Amnon Yariv, Victor Leyva, California institute
of Technology; George Rakuljic, Optologic Corporation. An
approach for holographically storing many high-resolution
images in a volume is described. Results obtained using per-
manently fixed holograms in a photorefractive medium are
presented. (p. 130)

8:15 pm

MD4 Holographic storage capacity estimate for photre-
fractive media, George Fredericks, Digital Equipment Corpo-
ration; Adil Lahrichi, Kristina Johnson, U. Colorado. The
practical limit on the storage capacity of photorefractive
media is estimated for a given bit error rate and read out
bandwidth. (p. 133)

8:30 pm

MD5  Angular selectivity of holographic gratings in BSO, S.
Tao, D. R. Selviah, B. Mobasher, P. Poon, J. E. Midwinter,
University College London, U.K. We compare the theoretical
angular selectivity calculated by coupled wave theory with
our experimental measurement of the same quantity for a
BSO crystal. {p. 138)

8:45 pm

MD6 Diffraction efficiency dynamics in photorefractive
crystals, Eric S. Maniloff, Kristina M. Johnson, U. Colorado.
Using a self-consistent theory for the transient energy trans-
fer and the diffraction efficiency in photorefractive crystals,
we have modeled the observed dynamics. (p. 139)

viii

TUESDAY, JULY 30, 1991

STUDENT CENTER CAFETERIA
7:00 am-8:00 am BREAKFAST

ACADEMIC CENTER AUDITORIUM

8:00 am-10:00 am

TuA, MATERIALS AND DIAGNOSTICS

Peter Gunter, Swiss Federal Institute of Technology.
Switzerland, Presider

8:00 am

TuAl Imaging method for nonlinear medium characteristic
measurements, G. Boudebs, X. Nguyen Phu, J. P. Lecog, M.
Sylla, G. Rivoire, Laboratoire des Proprietes Optiques des
Materizux et Applications, France. An imaging system (4f set
up) is used to measure nonlinear characteristics for photore-
fractive materials excited with either a cw or pulsed laser.
(p. 148)

8:15 am

TuA2 Origins of the photorefractive phase shift, R. S.
Cudney, G. D. Bacher, R. M. Pierce, Jack Feinberg, U.
Southern California. We isolate the effects of trap gratings to
determine the real spatial phase shift of electrooptic grat-
ings in BaTiO,. (p. 146)

8:30 am

TuA3 Photogalvanic holographic gratings in strontium
barium niobate crystals, A. Gnatovskii, N. Kukhtarev, A.
Pigida, V. Verbitskii, N. Bogodaev, N. Polozkov, Academy of
Sciences of the Ukr.SSR, Institute of Physics, U.S.S.R.
Gratings with orthogonally polarized waves were recorded in
SBN with 6% diffraction efficiency for the red wavelength,
corresponding to a 600-Vicm photogalvanic field. (p. 150)

8:45 am

TuA4 Electrooptic effects and domain reversal in
Sr, B2y ;,Nb,0,, Jeffrey P. Wilde, Lambertus Hesselink,
Stanford U. We present the results of a comprehensive elec-
trooptic study of Sr, ,,Ba, ;,,Nb,O, at A = 633 nm. The finear
electrooptic coefficient 7, is measured at 25°C and 65 °C; the
effect of domain switching is investigated. {p. 151)

9:00 am

TuAS Applied electric field effect on photorefractive GaAs,
Duncan T. H. Liu, LidJen Cheng, Jae-Hoon Kim, Jet Propul
sion Laboratory. We investigate the electrode dependence of
the applied electric field effect in GaAs. In particuiar, the
widely used silver paste is compared with other electrode
materials in the same experimental conditions. (p. 155)

9:15 am

TuA6 Photorefractive properties and altemating electric
field gain enhancement of vanadium doped cadium-telluride
and related compounds, Mehrdad Ziari, William H. Steier, U.
Southern California; Marvin B. Klein, Hughes Research Lab-
oratories; Sudhir Trivedi, Brimrose Corporation of America.
We report on near-infrared photorefractive response charac-
teristics and relevant material parameters of CdTe:V and
CdZnTe:V crystals including gain enhancement by applied
ac fields. (p. 159)
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9:30 am

TuA7 Synchrotron x-ray diffraction imaging of photorefrac-
tive crystals, Gerard Fogarty, Mark Cronin-Golomb, Tufts U.;
Bruce Steirer, U.S. National Institute of Standards and Tech-
nology. High-resolution x-ray diffraction images of photore-
fractive barium titanate, potassium niobate, and strontium
barium niobate are presented that indicate the possibility of
in situ observation of lattice deformation associated with
photorefractive grating formation and of the effect and
nature of optical scattering centers in these crystals.

(p. 162)

9:45 am

TuA8 Homogeneity of the photorefractive effect in reduced
and unreduced KNbO, crystals, P. Amrhein, P. Gunter, Swiss
Federal Institute of Technology. We examine the homogen-
eity of the photorefractive sensitivity in three dimensions.
The effects of electrochemical reduction treatment are
studied in different KNbO, samples. (p. 166)

10:00 am-10:30 am COFFEE BREAK

10:30 am-12:30 pm
TuB, APPLICATIONS
Jean-Pierre Huignard, Thomson-CSF, France, Presider

10:30 am

TuB1 Phase-conjugate techniques for diode laser bright-
ness enhancement, Stuart MacCormack, Robert W. Eason,
U. Southampton, U.K. Near diffraction-limited output is ob-
tained from high-power diode laser arrays using phase con-
jugate geometries. Results for passive feedback and a reflec-
tion geometry MOPA are presented. (p. 172)

10:45 am

TuB2 Dynamic photorefractive optical memories, H.
Sasaki, Y. Fainman, J. E. Ford, Y. Taketomi, S. H. Lee,
UC-San Diego. We investigate an architectural approach to
dynamic volume storage which circulates holograms be-
tween two photorefractive crystals using an optical amplifier
that increases the effective write-erase asymmetry of the
memory. (p. 176)

11:00 am

TuB3 Real-time optical intensity comelator using photore-
fractive BSO and a liquid crystal television, C. Soutar, Z. Q.
Wang. C. M. Cartwright, W. A. Gillespie, Dundee Institute of
Technology. An optical intensity correlator using BSO is pre-
sented. The spatially incoherent readout allows real-time ad-
dressing of the correlator via a commercial liquid crystal
television. (p. 180)

11:15 am

TuB4 Multiplicative to additive speckle noise conversion
via phase cancellation with photorefractive phase conjuga-
tors, Jehad A. Khoury, Anne Marie Biernacki, Mark Cronin-
Golomb, Tufts U, Charles L. Woods, Rome Laboratory.
Photorefractive degenerate four-wave mixing phase conjuga-
tion is used to convert multiplicative complex speckle image
noise to additive noise in the image and Fourier domains.
(p. 182)
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11:30 am

TuB5 Power stabilization in photorefractive-two wave mix-
ing by frequency tuning of laser diode, Tsutomu Shimura,
Hai Yan Miao, Masahide itoh, Hideki Okamura, Kazuo
Kuroda, lwao Ogura, U. Tokyo. Japan. We supress the fluctu-
ation of the amplified signal output power by controlling the
detuning between the index grating and interference fringe.
{p. 186)

11:45 am

TuB6 New thresholding device using a double phase-con-
jugate miror with phase-conjugate feedback, Parviz
Tayebati, Lawrence H. Domash, Foster-Miller, Inc. We pre-
sent a new thresholding device consisting of a double
phase-conjugate mirror (DPCM) combined with a phase-con-
jugate mirror resulting in superior threshoiding character-
istics compared with those of a DPCM alone. (p. 190)

1200 m

TuB? Laser-induced interference filters in photorefractive
materials, P. M. Petersen, T. Skettrup, Technical U. Denmark:
P. M. Johansen, U. Aalborg, Denmark. We investigate the
properties of a laser-induced interference fiiter in BaTiO,.
Two coherent laser beams induce the filter and control the
reflection of a third laser beam. (p. 195)

12:45 pm CLAM BAKE (at Endicott Beach)
Food served from 12:45 pm-1:45 pm

ACADEMIC CENTER CLASSROOMS

4:00 pm-5:30 pm
TuC, POSTER SESSION: MATERIALS AND WAVE
INTERACTIONS

TuC1 Experimental comparison of the ac field and moving
grating techniques for BTO and BSO crystals, E. V.
Mokrushina, V. V. Prokofev, S. L. Sochava, S. I. Stepanov, A.
F. loffe Physical-Technical Institute, U.S.S.R. Two-beam gain
in BTO and BSO for recording in an ac field is shown to be
higher or lower than that for recording of a moving grating in
a dc field, depending on the photocarrier diffusion length.
(p. 200)

TuC2 Polarization properties of Bi,,SiO,, crystals, T. Pan-
chenko, A. Kudzin, Y. Potapovich, G. Snejnoy, Dnieprope-
trovk State U., U.S.S.AR. Quasidipote and the space-charge
formation mechanisms of thermoelectret and photoelectret
states in the 300-800 K temperature range are determined
thermally stimulated depolarization current method. Electric
field distribution, exclusion and injection processes in
Bi,,Si0,, crystals are considered. (p. 205)

TuC3 Hologram recording in GaAs through EL2 intracenter
absorption, Andrei L. Khromov, Michael P. Petrov, A. F. Joffe
Physico-Technical Institute, U.S.S.R. The first use of EL2
intracenter absorption in hologram recording in GaAs is re-
ported. A qualitative model of the phenomenon and the
possibility of gaining experimental insight into the micro-
scopic structure of the EL2 point defect are discussed.

{p. 209)
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TuC4 Single crystal growth of photorefractive sillenites, V.
V. Volkov, Yu. F. Kargin, V. M. Skorikov, Academy of
Sciences of the U.S.S.R., Kurnakov Institute of General and
Inorganic Chemistry. Bi,,TiO,, Bi,sZn0s, Bi,sGaO,, and
Bi,;FeO,, single crystals have been prepared. The hetero-
valent substitution, transmission, optical activity and linear
electrooptic data are presented. (p. 212)

TuC5 Temperature dependence of the two-beam coupling
gain coefficient of photorefractive GaP, K. Kuroda, Y. Oka-
zaki, T. Shimura, M. Itoh, U. Tokyo, Japan. We observed the
decrease of gain around 150 K, due to the screening effect of
holes photoionized from shallow acceptors. Photochromic
effect is also observed. (p. 216)

TuC6 Nonsteady-state photoEMF in crystals with long
relaxation times of photoconductivity, I. A. Sokolov, S. L
Stepanov, A. F. loffe Physical Technical institute, U.S.S.R.
We report the investigation of the nonsteady-state
photoEMF in photoconducting Bi,,Si(Ti}O,, crystais and
measurements of average lifetimes of photocarriers, Max-
well relaxation times, average photoconductivity, and dif-
fusion length. (p. 220)

TuC7 Charge transport in high resistivity photorefractive
crystals Bi,,Si0,,, ZnSe, and GaAs, A. V. llinskii, Academy of
Sciences of the U.S.S.R. A. F. loffe Physical-Technical In-
stitute. After reviewing earlier studies we find that there are
two electric field screening regimes that depend on experi-
mental conditions (kind of crystal, temperature). (p. 224)

TuC8 Transport-induced grating interferometry: applica-
tion to photorefractive Bi,,TiO,,, Ping Xia, J. P. Partanen, R.
W. Hellwarth, U. Southern California. We have developed a
technique to measure interferometrically all relevant experi-
mental parameters which describe charge-transport-induced
refractive index gratings in photoconductive insulators.

(p. 228)

TuC9 Determination of the mobility and transport proper-
ties of photocarriers in BGO by the time-of-flight technique,
M. Tapiero, A. Ennouri, J. P. Zielinger, J. P. Vola, IPCMS,
France; J. Y. Moisan, CENT Lannion, France; J. C. Launay,
CNRS Chemistry of Solids Laboratory, France. The mobility
and transport properties of photoelectrons in BGO are de-
termined by the classical time-of flight technique using a
nitrogen laser for pulse excitation. (p. 232)

TuC10 Conduction band and trap limited mobilities in
Bi,,Si0,,, P. Nouchi, J. P. Partanen, R. W. Hellwarth, U.
Southern California. We used our holographic time-of-flight
technique to measure a trap-limited mobility p, = 024 =+
0.07 cm?/(Vs) in Bi,,SiO,,. We developed a shallow-trap model
and inferred a conduction band mobility u, = 7 + 3 cm¥((Vs).
(p. 236)
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TuC11 Breaking of the electrooptic and dielectric tensor
symmetries by spacecharge electric fields, G. Pauliat, P.
Mathey, G. Roosen, CNRS Institute of Theoretical and Ap-
plied Optics, France. We derive analytical expressions for
the photorefractive electrooptic and dielectric coefficients
and demonstrate that their symmetries are not those of the
electrooptic and dielectric tensors. (p. 240)

TuC12 Influence of piezoelectric and photoelastic effects
on impulse hologram recording in photorefractive crystals,
R. Litvinov, S. Shandarov, Institute of Automatic Contro!
Systems and Radioelectronics, U.S.S.R. The additional con-
tribution of piezoelectric and photoelastic effects to pertur-
bations of optical properties of the medium during hologram
recording in photorefractive crystals by short light impulses
is considered. The numerical calculations for orientation cut
(110) of cubic BSO crystals are also performed. (p. 244)

TuC13 Elastooptic and rotooptic contributions to the
photorefractive effect, Marko Zgonik, U. Ljubljana, Yugo-
slavia; Peter Gunter, Swiss Federal Institute of Technology.
The answer is provided to the clamped-unclamped EO coef-
ficients dilemma. Refractive index modulation must be cal-
culated from the crystal deformation in the form of a static
plain wave. The correct elastooptic contribution is obtained
from unsymmetrized displacement gradients. (p. 248)

TuC14 Simultaneous diffraction of two light waves in cubic
optically active photorefractive piezocrystals, V. V. Shepele-
vich, N. N. Egorov, Mozyr Pedagogical Institute, U.S.S.R. The
influence of piezoelectric and photoelastic properties of
cubic photorefractive crystals on the simuitaneous diffrac-
tion of two light waves by a holographic grating is investi-
gated theoretically and experimentaily. {p. 252)

TuC15 Photogyration and photoinduced structure distort-
ions in doped LiNbO, and LiTa0,, S. M. Kostritskii, Kemerovo
State U., U.S.S.R. The appearance of gyrotropy due to the in-
fluence of light is discussed. This effect is determined by the
electrogyration under the photovoltaic field's influence. The
distortions—which lower the symmetry in a unit cell—were
detected, and they cause forbidden activity of A, phonons in
the Raman spectra. (p. 256)

TuC16 Photorefractive self-pumped phase conjugators in
the presence of loss and high modulation depth, James E.
Millerd, Steffen D. Koehler, Elsa M. Garmire, U. Southern
California; Marvin B. Klein, Hughes Research Laboratories.
Self-pumped phase-conjugate mirrors are examined in the
presence of linear absorption and nonlinear photorefractive
response at high modulation depths, which is important in
semiconductors. (p. 260)

TuC17 Perturbative analysis of the higher-order photore-
fractive effect, R. Saxena, T. Y. Chang, Rockwell Interna-
tional Science Center. Analytic expressions are derived for
second- and third-order photorefractive effects. The de-
pendence on spatial frequency, applied field, and velocity of
the moving grating is examined. (p. 264)
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TuC18 Effect of large signals in photorefractive media, A.
K. Powell, D. Fish, G. R. Barrett, T. J. Hall, King's College
London, U.K. We show new results for applied ac fields and
model the effect of large signal saturation on the perform-
ance of an optical resonator system based on the ring-
passive phase conjugation. (p. 267)

TuC19 Large signal gain effects in photorefractive
Bi,,Ti0,, at 633 nm, M. B. Klein, F. P. Strohkend!, B. A.
Wechsler, Hughes Research Laboratories; G. A. Brost, Rome
Laboratory; J. E. Millerd, E. M. Garmire, U. Southern Cali-
fornia. We find that the two-wave mixing gain coefficient in
B,,TiO,, with an applied ac field varies strongly with the
pump/probe intensity ratio. We interpret these data using a
finite difference method to model the photorefractive grating
formation. (p. 268)

TuC20 Numerical analysis of photorefractive grating for-
mations at large modulation, George A. Brost, Rome Labora-
tory. Photorefractive grating formations in BSO were model-
ed by a finite difference method. These numerical solutions
predict the photorefractive behavior at large modulation
index. (p. 272)

TuC21 Dynamic solutions and instabilities of the four-wave
mixing interaction utilizing the underlying SU(2) group sym-
metry, G. R. Barrett, A. K. Powell, T. J. Hall, King’s College
London, U.K. The temporal nature of anisotropic four-wave
mixing has been studied and shown in certain conditions, to
exhibit chaotic behavior when an electric field is present. The
effect of any material absorption on the chaotic nature is
also demonstrated. (p. 276)

TuC22 Holographic recording and parametric scattering
from orthogonally polarized beams in BaTiO,, L. Holtmann,
E. Kratzig, U. Osnabruck, Germany; M. Goulkov, S. G.
Odoulov, Ukr. S.S.R. Academy of Sciences Institute of
Physics, U.S.S.R.; B. Sturman, Institute of Automation and
Electrometry, U.S.S.R. We report what we believe to be the
first observation of anisotropic seifdiffraction from gratings
arising in BaTiO, when two copropagating orthogonally pol-
arized waves (ordinary and extraordinary) impinge in the
crystal at an arbitrary angle in the plane perpendicular to the
optical axis and discuss the possible origins of this effect.

®. 277

TuC23 Parametric scattering of light in photorefractive
LiNbO, crystals, K. N. Zabrodin, A. N. Penin, N. M. Rubinina,
Moscow State U., U.S.S.R. We study the temporal dynamics
of degenerate parametric scattering and discuss some of
the new scattering properties observed. (p. 281)

TuC24 Forward phase-conjugate waves in degenerate
four-wave mixing in a photorefractive crystalline slab, H. Y.
Zhang, X. H. He, Beijing U., China; S. H. Tang, National U.
Singapore. Both backward and forward phase conjugate
waves have been observed in degenerate four-wave mixing
(DFWM) in a LiNbO,:Fe crystalline slab. Investigation shows
that the observed forward phase conjugate wave consists of
two main contributions. (p. 285)

Xi
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TuC25 Photoinduced charge transport in optical damage
resistant LiNbO,:Me (Me = MgZn), T. R. Volk, M. A. lvarov,
F. Ya. Shchapov, Institute of Crystallography, US.S.R.;N. M.
Rubinina, Moscow State U., U.S.S.R. in low-doped LiNDO;:Me
the Me?-ions are electron trapping levels resulting in sub-
linear dependence of photoconductivity on light intensity.
The Fe* loses its acceptor properties at [Me] exceeding the
thresholds leading to a sharp increase of photoconductivity
and to photorefraction decrease. (p. 289)

TuC26 Optical damage resistant impurities in LiNbO,
(Mg.Zn), T. R. Volk, Institute of Crystallography, U.S.S.R; N.
M. Rubinina, Moscow State U, US.S.R. S. Stizza, U.
Camerino, Italy. In optical damage resistant LiNbO,:Me (Me
= Mg,Zn) .. ) at threshoid Me concentrations {(%5.5 mol.%
Mg or 7.7 mol.% Zn) the extrema of nonlinear optical param-
eters and steplike changes of ESR and IR spectra and of
charge transpont are observed. The Me location in LiINDO,
lattice is discussed. (p. 293)

STUDENT CENTER CAFETERIA

5:30 pm-6:30 pm DINNER SERVED
6:30 pm-7:30 pm FREE TIME

ACADEMIC CENTER CAFETERIA

7:30 pm-8:30 pm

TuD, PLENARY SESSION ON OPTICAL AND ELECTRONIC
SIGNAL PROCESSING

Alastair Glass, AT&T Bell Laboratories, Presider

7:30 pm Plenary Paper
TuD1 Electronics Optics and the Photorefractive Effect,
Richard C. Williamson, MIT Lincoln Laboratories. (p. 298)

8:00 pm Plenary Paper
TuD2 Optics, Electronics and the Photorefractive Effect,
Dimitri Psaltis, California Institute of Technology. (p. 299)

8:30 pm DISCUSSION
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STUDENT CENTER CAFETERIA
7:00 am-8:00 am BREAKFAST

ACADEMIC CENTER AUDITORIUM

8:00 am-10:00 am

WA, BEAM FANNING AND SELF-PUMPED PHASE
CONJUGATION

Jack Feinberg, University of Southern California,
Presider

8:00 am

WA1 Reflection grating mutual conjugator in the geometry
of two interconnected ring mirrors, A. V. Mamaeyv, Institute
for Problems in Mechanics, US.S.R.; A. A. Zozulya, P. N.
Lebedev Physics Institute, U.S.S.R. We present an investiga-
tion of a reflection grating mutual conjugator in the geom-
etry of two interconnected passive ring mirrors in photore-
fractive KNbO,:Fe with a characteristic relaxation time of the
order of several milliseconds. (p. 302)

&:15 am

WA2 Crystal noise limited holographic interferometry in
BSO, R. C. Troth, J. C. Dainty, Imperial College, UK.; S. L.
Sochava, S. I. Stepanov, Academy of Sciences of the U.S.S.R
A. F. loffe Physicotechnical Institute. Results of the noise
and sensitivity characteristics of two Bi,;Si0,, crystals are
presented with respect to their use in an anisotropic self-
diffraction real-time holographic interferometer. (p. 306)

8:30 am

WA3 Double phase-conjugated mirmror and double color-
pumped oscillator using band-edge photorefractivity in
InP:Fe, N. Woilffer, P. Gravey, G. Picoli, V. Vieux, CNET
Lannion, France. We have measured typical DPCM and
DCPO conversion efficiencies of 50% in InP:Fe, down to 965
nm, with an external field of 10 kVicm. (p. 310)

8:45 am

WA4 Application of beam fanning in a photorefractive
BaTiO, crystal: measurement of light scattering at zero
degrees by a single glass fiber, G. G. Padmabandu,
Choonghoon Oh, Edward S. Fry, Texas A&M U. Bean fanning
in a photorefractive BaTiO, crystal has been used to meas-
ure the forward light scattering from glass fibers; the results
are in agreement with theory. (p. 314)

9:00 am

WAS5 Frequency shift in a mutually pumped phase conju-
gator of BaTiO,, Dadi Wang, Zhiguo Zhang, Peixian Ye,
Chinese Academy of Sciences, Institute of Physics. We
report on an experimental study of the self-frequency shift in
a mutually pumped phase conjugator and show its dramatic
dependence on the pumping power. (p. 317)

Xii
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9:15 am

WAG6 Parametric oscillation in photorefractive crystals with
local response in unclosed optical cavities, A. P. Mazur, A. D.
Novikov, S. G. Odoulov, M. S. Soskin, Ukr. SSR Academy of
Science Institute of Physics, U.S.S.R. Steady-state oscitla-
tion in local-response photorefractive crystals in unclosed
cavities is demonstrated. With a proper choice of pump
angles and pump frequency, detuning the phase conjugation
of one beam is possible. (p. 320)

9:30 am

WA7 Anisotropic diffraction in photorefractive volume
holograms, Ching-Cherng Sun, Ming-Wen Chang, Taiwan
National Central U., China. We report theoretical and ex-
perimental investigations on the diffraction efficiency, angle
sensitivity, and optimal reconstructing angle of volume holo-
grams in a photorefractive BaTiO, crystal. (p. 324)

9:45 am

WAS8 Low-frequency noise and photoinduced scattering in
photorefractive crystals, B. |. Sturman, Institute of Auto-
mation and Electrometry, U.S.S.R. A new interpretation of
strong photoinduced scattering in crystais with a predomin-
ant local photorefractive response is suggested, based on
amplification of LF noise of a laser or crystal. (p. 328)

10:00 am-10:30 am COFFEE BREAK

1030 am-12:00 m
WB, DEFECTS AND CHARGE TRANSPORT
Thomas Pollak, Sanders Associates, Presider

10:30 am

WB1 Identification of lightinduced charge-transter pro-
cesses in BatiO, by combined ESR and optical measure-
ments, O. F.Schirmer, E. Possenriede, H. Krose, P. Jacobs, U.
Osnabruck, Germany. By simultaneously monitoring the
changes in the ESR and optical absorption of defects in
BaTiO, under itlumination, their charge-conversion
thresholds and the associated charge-transfer paths are
identified. (p. 334)

10:45 am

WB2 Spectroscopy of light sensitive defectimpurity
centers in photorefractive BaTiO,, Robert N. Schwartz, Barry
A. Wechsler, Ross A. McFarlane, Hughes Research Labora-
tories. We review our electron paramagnetic resonance
(EPR), photo-EPR, and optical spectroscopy studies that
probe the nature of defects and impurities that are present in
BaTiQ,, and we examine their role in the photorefractive ef-
fect. (p. 338)

11:00 am

WB3 Two-center model explains photorefractive properties
of KNbO,:Fe, L. Holtmann, G. Kuper, K. Buse, S. Loheide, H.
Hesse, E. Kratzig, U. Osnabruck, Germany. Measurements of
photoconductivity, light-induced absorption, diffraction effi-
ciency, and grating phase in KNbO,:Fe are interpreted in
terms of a two-center charge-transport model. (p. 341)
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11:15 am

WB4 Electron-hole transport in photorefractive media, M.
C. Bashaw, T.-P. Ma, R. C. Barker, Yale U. For most regimes,
single- and two-level electron-hole transport models give sig-
nificantly different results. For a regime to be described, they
give similar resuits. (p. 345)

11:30 am

WB5 Determination of the effective trap density of
Ta:KNbO, at 823 nm, A. E. Clement, G. C. Giibreath, U.S.
Naval Research Laboratory; S. N. Fugera, Sachs-Freeman
Associates, Inc. Reduction in the effective trap density is
computed in poled Ta:KNbO, and BaTiO, at 823 nm using ex-
perimental data where computational methods are com-
pared. (p. 347)

11:45 am

WB6 Photorefractive and photochromic effects in barium
titanate, M. H. Garrett, J. Y. Chang, H. P. Jenssen, C. Warde,
T. M. Pollak, Lockheed Sanders. We report on the intensity
dependence of photorefractive properties of barium titanate
that aiso exhibits the photochromic effect which enhances
the sensitivity at the illuminating wavelength. (p. 351)

STUDENT CENTER CAFETERIA
1200 m-1:00 pm LUNCH SERVED

ACADEMIC CENTER CLASSROOMS

1:00 pm-2:30 pm
WC, POSTER SESSION: WAVE INTERACTIONS AND
DEVICES

WC1 Picosecond nonlinear optical responses in photore-
fractive crystals, H. Liu, R. J. Reeves, R. C. Powell, Oklahoma
State U. Picosecond-pulse excitation was used to elucidate
the properties of fast nonlinear optical processes that are
precursors to the space-charge field photorefractive effect.
(p- 356)

WC2 Self-pumped phase conjugation in barium titanate
with high-intensity nanosecond pulses, M. J. Damzen, N.
Barry, Imperial College, U.K. Experimental results are pre-
sented of corner-pumped and ring-passive phase conjuga-
tion of nanosecond pulses. Intensity-dependent hole-elec-
tron competition strongly affects reflectivity and crystal
dynamics. (p. 360)

WC3 Nanosecond photorefractive effects in KNbO,, |.
Biaggio, M. Zgonik, P. Gunter, Swiss Federal Institute of
Technology. 75-ps pulses at 532 nm are used to write photo-
refractive gratings. The build-up of the grating for different
experimental setups and material treatments are studied.
(p. 364)

WC4  Spectral pulse distortion from two-beam coupling of
subpicosecond pulses in a photorefractive crystal, X. Steve
Yao, Jack Feinberg, U. Southern California. We measure and
discuss the pulse shape distortion caused by beam coupling
using trains of subpicosecond pulses in BaTiO,. (p. 368)

Xiii
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WC5 Feature extraction by a self-organizing photorefrac-
tive system, Claus Benkert, Verena Hebler, Ju-Seog Jang,
Shakil Rehman, Mark Saffman, Dana Z. Anderson, U. Cok
orado. We present a photorefractive system that learns to
distinguish between features in a set of input pictures in a
self-organizing manner. (p. 372)

WC6 Self-organizing photorefractive frequency decoder,
Mark Saffman, Claus Benkert, Dana Z. Anderson, U. Col
orado. We demonstrate a self-organizing photorefractive cir-
cuit. The circuit decodes a beam containing two optical fre-
quencies into two beams, each containing one frequency.

®. 376)

WC7 Alloptical associative memory based on a nonreson-
ant cavity with image bearing beams, M. Ingoid, M. Duelli, P.
Gunter, Swiss Federal Institute of Technology; M. Schadt, F.
Hoffman-LaRoche, Ltd., Switzerland. Associative recall of
simple patterns is demonstrated in a multistable, content-
addressable cavity. The photorefractive KNbO, crystal per-
forms image comparison and nematic liquid crystal image
discrimination. (p. 380)

WC8 Detection of the transient motion of a scattering sur-
face by two-wave mixing in a photorefractive crystal, R. K.
Ing, Ultra Optec, Inc., Canada; J.-P. Monchalin, National
Research Council of Canada. Two-wave mixing in BaTiO; is
used to detect the phase shift induced on a signal beam by
ultrasonic surface motion following pulsed laser excitation.
(p. 384)

WC9 Velocity filtering using complementary gratings in
photorefractive BSO, Ghazanfar Hussain, Robert W. Eason,
U. Southampton, U.K. A technique for velocity filtering and
feature extraction has been demonstrated which exploits the
recording of complementary gratings in photorefractive
BSO. (p. 388)

WC10 Phaselocked detection of a running interference
pattern in photorefractive SBN, O. P. Nestiorkin, Ye. P. Sher-
shakov, B. Ya. Zeldovich, Chelyabinsk Polytechnic Institute,
U.S.S.R,; N. V. Bogodaey, L. I. ivieva, N. M. Polozkov, General
Physics Institute, Academy of Sciences of the U.S.S.R.
Recording of a static photorefractive hologram by a running
interference pattern is achieved in SBN crystal with an ex-
ternally applied ac field. The influence of self-diffraction
through degenerate interaction is studied. (p. 392)

WC11 Time-integrating self-pumped phase conjugator,
Erik Oldekop, Azad Siahmakoun, Center for Applied Optics
Studies. A time-integrating filter with self-pumped phase
conjugation is used to remove time-varying speckles from

images. (p. 396)

WC12 Photorefractive deamplification for artifact noise
reduction, Jehad Khoury, Mark Cronin-Golomb, Tufts U.;
Charles L. Woods, Rome Laboratory. Nonlinear optical
thresholding in the Fourier plane reduces additive signal-
dependent noise. An order of magnitude reduction of artifact
noise is demonstrated using photorefractive two-beam

coupling. (p. 400)

WC13 Stability of Information readout by self-pumped
phase conjugation in barlum titanate, F. C. Lin, D. Sun, G.
Leu, M. A. Fiddy, T. Yang, Y. Y. Teng, U. Lowell. Experimental
data are interpreted on optical signal recall by self-pumped
phase conjugation in barium titanate (BaTiO,) crystal in
terms of temperature, illumination configuration, and spatial
frequency content of the information. (p. 404)
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WC14 Effects of grating erasure on beam fanning and self-
pumped phase conjugation, Gary L. Wood, William W. Clark
W, Edward J. Sharp, CECOM Center for Night vision and
Electro-Optics; Gregory J. Salamo, U. Arkansas. The time re-
sponse for photorefractive beam fanning and self-pumped
phase conjugation is determined as a function ot erasure ex-
posure time for both coherent and incoherent erasure
beams. (p. 408)

WC15 Intensity dependent thresholding and switching in
the photorefractive bridge mutually pumped phase conjuga-
tor, Stephen W. James, Robert W. Eason, U. Southampton,
U.K. Total intensity dependent reflectivity has been obtained
from the bridge mutually pumped phase conjugator, allow-
ing the observation of optical thresholding and switching.

. 412

WC16 Extraordinary polarized light does not always yield
the highest reflectivity from self-pumped BaTiO,, Stephen W.
James, Robert W. Eason, U. Southampton, U.K. The inciu-
sion of an ordinary polarized component in the input to a
self-pumped phase conjugator in BaTiO; can double the
phase-conjugate reflectivity. (p. 416)

WC17 Self-pumped phase conjugation in cerium-doped
barium titanate, Chitra Guruswamy, Doyie A. Temple, Louisi-
ana State U. Measurements of self-pumped phase conjugate
reflectivity have been performed on cerium-doped barium
titanate. The results indicate that cerium doping enhances
the phase conjugate reflectivity. (p. 420)

WCi8 Multiple grating optical processing in barium
titanate, S. A. Boothroyd, P. H. Beckwith, L. Chan, J.
Chrostowski, National Research Council of Canada. Photo-
refractive gratings representing different images are written
in barium titanate with a controlied phase relationship via a
spatial light moduiator; the output demonstrates logic opera-
tions. (p. 423)

WC19 Acoustooptic modulator correction by holograms in
photorefractive crystais, A. Gnatovskii, N. Kukhtarev, V.
Maglevanii, A. Pigida, V. Verbitskii, Academy of Sciences of
the Ukr.SSR Institute of Physics. Real-time correction of the
aberrations caused by an acoustooptic modulator was
achieved in a photogalvanic lithium niobate crystal by a sim-
ple two-wave mixing scheme. (p. 427)

WC20 Phase conjugation with saturable gain and satura-
ble absorption, Milivoj Belic, Dejan Timotijevic, Institute of
Physics, Yugoslavia; Robert W. Boyd, U. Rochester. Stable
and unstable solutions to different models of two-wave and
four-wave mixing in photorefractive media with saturable
gain and saturable absorption are obtained. (p. 428)

WC21 Instabilities in coupled photorefractive ring cavities
and selt-pumped phase conjugators, Li-Kuo Dai, Yih-Shun
Gou, National Chiao Tung U., China; Claire Gu, Rockwell In-
ternational Science Center; Pochi Yeh, UC-Santa Barbara.
We investigate the temporal instabilities of self-oscillations
in coupled unidirectional photorefractive ring resonators.
Results, including self-pulsation and chaos, are presented
and discussed. (p. 432)
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WC22 Analytic and numeric a results on subharmonics in
BSO, A. Bledowski, J. Otten, K. H. Ringhofer, U. Osnabruck,
Germany, B. Sturman, U.S.S.R. Academy of Sciences
Siberian Branch, Institute of Automation and Electrometry.
By analytic and numerical methods, we find hysteresis of the
solutions of Kukhtarev's materials equations for holography
in photorefractive crystals and instability against period
doubling. (p. 436)

WC23 Spatial subharmonic generation in BaTiO,, A.
Novikov, S. Odouiov, Ukr. S.S.R. Academy of Sciences, In-
stitute of Physics, US.S.R; R. Jungen, T. Tschudi,
Technische Hochschule Darmstadt, Germany. Parametric
amplification of the spatial subharmonic in BaTiO, due to
nonlinear mixing of three copropagating waves with ortho-
gonal polarizations is predicted and studied experimentally.
{p. 440)

WC24 Instability of spatial subharmonic in hologram re-
cording in a photorefractive crystal, O. P. Nestiorkin,
Chelyabinsk Polytechnic Institute, U.S.S.R. The process of
hologram recording by a running interference pattern in
photorefractive crystal with an applied dc field is considered.
Conditions are found under which the spatial subharmonic
grating is generated as a result of instability. (p. 444)

WC25 Spatial subharmonic generation at intermode inter-
action in planar waveguides, V. Popov, E. Shandarov, S.
Shandarov, Institute of Automatic Control Systems and
Radioelectronics, U.S.S.R. Amplification of the weak signal
beam by exciting waves at the intermode interation TE,_,
TE, 4 — TE, in the planar optical waveguide in photorefrac-
tive LiNbO,:Ti:Fe is considered. (p. 448)

WC26 Lightinduced scattering in planar photorefractive
waveguides, A. Bashkirov, G. Glazov, I. Itkin, S. Shandarov,
Institute of Automatic Control Systems and Radioelec-
tronics, U.S.S.R. Analysis of the formation of noisy hoio-
grams in planar waveguides while nonstationary holo-
graphic amplification of a input noise picture by a powertui
exciting wave has been performed. The generalized param-
eters characterizing degradation of waveguide properties
have been also found. (p. 452)

WC27 Photorefractive parametric interaction of volume
and leaky optical waves in planar waveguide on lithium nio-
bate, V. M. Shandarov, Institute of Automatic Control
Systems and Radioelectronics, U.S.S.R. The effect of leaky
TE-mode beam scattering into higher-order leaky mode
beams because of volume and leaky wave parametric inter-
actions in planar optical waveguide LiNbO;Ti:Fe is
discovered and experimentally studied. (p. 456)

WC28 Photorefractive waveguides fabricated by excimer
laser ablation and ion implantation, K. E. Youden, Robert W.
Eason, U. Southampton, U.K.; M. C. Gower, Rutherford Ap-
pleton Laboratory, U.K. We discuss the growth and proper-
ties of thin film epitaxial BGO waveguides, deposited on
ZrO, by excimer laser ablation, and ion-beam implanted
waveguides in SBN. (p. 460)
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Many applications of photorefractivity have been proposed: a virtually unlimited
array of image processing techniques including phase conjugation and novelty filtering,
simulations of neural networks and associative memories, and high density efficient
holographic optical storage. Until very recently, all materials showing the
photorefractive effect have been inorgag_igcrystals1. A problem currently impeding the
wide-spread exploitation of the photorefractive effect has been the fact that inorganic
materials exhibiting the effect tend to be difficult and thus expensive to prepare and,

because of their crystalline nature, to be incompatible with current integrated packaging
processes. There is thus a continuing and critical need for new classes of
photorefractive materials with improved processability and performance.

It is instructive to compare various classes of potential photorefractive materials
using a diffraction efficiency figure-of-merit Q = n’r.«/e, where n is the optical index of
refraction, rer is the effective electro-optic coefficient, and ¢ is the DC dielectric
constant. For inorganic crystals, it is well-known that the ratio r.«/e does not vary much
from material to material. This is simply a consequence of the fact that the optical
nonlinearity in these systems is driven chiefly by the large ionic polarizability which
has the consequence of increasing ¢ along with r,s. A variety of organic materials,

crystalline and polymeric, have been investigated for their nonlinear optical
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propertiesz. These materials have /arge electro-optic coefficients not accompanied by
large DC dielectric constants. This means that the internally developed space charge
field necessary for the photorefractive effect will not be screened by internal
polarization fields as effectively in organic materials as in inorganic ones.

Recently, the first example of photorefractivity in an organic crystal was reported3
for the organic nonlinear COANP crystal doped with TCNQ. Just as in the inorganic
crystal case, it is, in general, difficult to grow high optical quality doped organic
crystals. Polymeric materials, on the other hand, can be doped with various molecules
of quite different sizes with relative ease. In addition, polymers may be formed into
a variety of thin-film and waveguide configurations tailored to the specific anplication.

We have obtained, for the first time to our knowledge, firm evidence of
photorefractivity in molecularly doped nonlinear optical polymers“. The fundamental
approach that was followed in searching for photorefractivity in polymers was to start
with nonlinear(NLO) polymeric materials with a known electric-field-poling-induced
electro-optic activity. These NLO polymers were then doped with charge transport
agents to provide the required photoconductivity. Indeed, insulating polymers can be
readily made photoconductive by the addition of charge transport agents as is regularly
done in the photoconductors used in electrophotographic printers and copierss.

Photorefraction (at 647.1 nm) in systems of this type was established by a
combination of hologram erasability, correlation with photoconductivity and electro-optic

response, and enhancement by external fields in numerous samples (178 to 533 um

thick) of the epoxy based nonlinear optical polymers (BisA-NPDA) ® or (NA-APNA)7
mixed with hole transport agents such as p-diethylaminobenzaldehyde-diphenyl
hydrazone (DEH). Diffraction efficiencies up to 0.1% (NA-APNA) and 0.006%

(BisA-NPDA) were observed at bias fields of 84 kV/cm and 126 kV/cm, respectively.
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The caiculated space-charge field in one sample of the BisA-NPDA mixture was 26
kV/cm (quite comparable to values reported for inorganic photorefractive crystals) at
126 kV/cm and a grating spacing of 1.6 um; the estimated photorefractive trap density
was 2 x 10%cm-. A useful property of these materials is that electric field poling of the
nonlinear chromophores is partially reversible and thus continuous realignment of the
nonlinear molecules in the polymer permits external control of grating readout
independent of the internal space-charge field formed.

The photorefractive effect in amorphous polymers differs in many important ways
from the corresponding effect in inorganic crystals. Photoconductivity. a process at the
heart of the photorefractive effect, is very different in polymeric systems. The current
band and hopping models of the photorefractive effect need to be modified to take this
difference into account.

Furthermore, geminate charge carrier recombination 8, a little understood process
limiting charge carrier generation quantum yields, is much more important in low
dielectric constant polymers than it is in inorganic systems. In organic systems in
general, the electron-hole pair initially created by molecular autoionization subsequent
to photon absorption may recombine before the mobile species, in most cases the hole,
has a chance to escape from the Coulomb well created by the pair. This process is
under investigation in the photorefractive polymers described above using a
sub-picosecond transient grating experiment to probe the temporal process of creation,

annihilation and transport of charge carriers.

1. See P. Ganter and J.-P. Huignard, eds., Photorefractive Materials and Their
Applications | and I, (Springer Verlag, Berlin 1988,9).
2. See D. S. Chemla and J. Zyss, eds., Nonlinear Optical Properties of Organic

Molecules and Crystals | and ll, (Academic, Orlando, 1987).




MAl1-4 /5

3. K. Sutter, J. Hullinger, and P. Gianter, So/. St. Commun. 74, 867 (1990).

4. S. Ducharme, J. C. Scott, R. J. Twieg, and W. E. Moerner, Postdeadline Paper, OSA
Annual Meeting, Boston, MA, November 5-9, 1990; appearing in Phys. Rev. Lett (1991).
5. D. M. burland and L. B. Schein, Phys. Today 39, 1 (1986).

6. M. Eich, B. Reck, D. Y. Yoon, C. G. Willson, and G. C. Bjorklund, J. Appl. Phys. 66,
3241 (1989).

7. D. Jungbauer, B. Reck, R. Twieg, D. Y. Yoon, C. G. Willson, and J. D. Swalen, App/.
Phys. Lett. 56, 2610 (1990).
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Characterization of a New Photorefractive Material:K, ,L. T, N,
Dr. Aharon Agranat, Rudy Hofmeister, Victor Leyva, and Dr. Amnon Yariv
‘ California Intstitute of Technology, Pasadena, CA 91125, 818-356-4826

Introduction

The use of photorefractive materials to store volume holograms for optical computing and
optical memories has long been an active area of research!. In addition, these materials have been
considered in the implementation of optical neural networks.

Crystals from the solid solution series K; L T, N, were among the first to be recognized as
photorefractive. Nevertheless, most work has been concentrated on the end-members of the series,
potassium tantalate’ and potassium niobate (KN)® ‘. KLT as well as KTN have also seen some
research® ¢ 7. Since the other members of the solid-solution series are considered difficult to grow,
they have received little attention.

We were able to grow large optical-quality crystals of KLTN with the dopants copper and
vanadium by carefully proportioning the ingredients in the flux. Our primary motivation for adding
lithium to KTN was to increase the para/ferroelectric phase transition closer to room temperature.

KLTN has a perovskite structure with the general composition ABO,. In its highest symmetry
phase it is cubic and, for small lithium concentrations, undergoes transitions to tetragonal,
orthorhombic, and rhombohedral structures with decreasing temperature. In our experiments the
crystal was maintained just above the cubic/tetragonal transition.

In the cubic phase the material’s photorefractive properties are described by the quadratic
electrooptic effect’. When an external field is applied to the crystal an index grating is written with

n,=An(E,+E,.) -An(E,)
3

- %gcgez (2B E, +E2c)

= 3 2.2
-n,, = gegeE E,

Where E,, is the space charge field due to the interfering light beams. The E,? term can be ignored
because it has the wrong spatial frequency. The beam coupling has the property that it can be
switched externally by the applied field.
Experimental Discussion
Material Properties

The sample used in the following discussion was a 6.8x 4.9x 2.9mm piece cut from a crystal
grown by us using the "top seeded solution growth method.” Using electron pprobe analysis, the
composition was determined to be K ogLi, T8 35, Nb ;25:Cu 004,V 0025. Quantitative measures of the lithium
concentration remain to be done.
Phase Transitions

Since the diffraction efficiency, given by

n = e*sin?(n,xL) (2)

is a strong function of the dielectric constant €, we wish to operate the crystal near its phase transition
where ¢ is large. We monitored the dielectric constant as a function of temperature by measuring the
capacitance of the crystal, where C = g,£A/d. The results are shown in figure 2a and are compared to
those obtained from a KTN crystal with a similar tantalum:niobium ratio, figure 2b. The
cubic/tetragonal transition temperature has been raised approximately 50+ to 178¢K, and the
remaining transitions are comparatively weak or absent. The full width at half maximum (FWHM)
for this sample is also increased to approximately 10+. This effect has been attributed to the increased
polarizability of the lithium ions®.

92—20681
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Diffraction Experiments

The diffraction experiments were performed as in figure 3. The writing beams were from an
Argon ion laser at 488nm. They were ordinary-polarized to prevent beam interaction. The diffraction
efficiency of the grating thus written was monitored with a weak extraordinary-polarized HeNe beam
at 633nm. The 633nm beam was verified not to erase the grating. The writing continued until the
maximum diffraction was achieved.

After the gratings were written, the diffraction efficiency was determined as a function of
applied field. The results are illustrated in figure 4. The three curves shown are for gratings which
were written at +1450V/cm, 0V/cm, and -1450V/cm. From the data it is clear that a compensating DC
field is induced in the crystal under the influence of the writing field, and that it is approximately sne
fifth the magnitude of the writing field. This allowed readout of the stored grating in the quadratic
phase without an applied field. When the grating was optically erased with the argon beams, some
residual diffraction ( ~1%) remained which was not optically erasable and could only be removed by
heating the crystal to room temperature.

The highest diffraction efficiency observed for 488nm writing beams was 75%. For 514nm
writing beams the maximum value was reduced to 30%, and at 633nm the diffraction was almost
undetectable. From the data we calculate a maximum two beam coupling constant of I'= 1.75/cm. The
writing times for maximum diffraction roughly followed 7, = 6sec/I, where I is the intensity incident
on the crystal in Watts/cm?.

From the writing time and the calculated index modulation of n, = 8.54x10®, we estimate a
sensitivity for this KLTN of 7.24x10°®, In all cases the erase time for the gratings was longer than the
write time. Very near to the phase transition, the erase/write time asymmetry was up to two orders
of magnitude.None of the gratings were diminished measurably after 24 hours at low temperatures.

Summary

We have demonstrated the growth of a new photorefractive material, KLTN, and have
characterized its photorefractive properties. The crystal was of good quality with a phase transition
at 178:K. It displayed a strong quadratic photorefractive effect with a sensitivity of 7.24x10*. The
maximum diffraction efficiency observed was 75% with a corresponding coupling constant of
I'=1.75/cm. The writing times were given by 1, = 6sec-cm?W, and there was a strong read/write time
asymmetry. The photorefractive process was shown to be voltage controllable. Based on this work,

KLTNs seem to be highly promising materials for volume hologram storage applications.
1. D. Von der Linde and A M. Glass, Appl. Phys. 8, 85 (1975).

2. S. Rod, F. Borsa, and 1.J. van der Klink, Phys. Rev. B, 38, 4, 2267-2272 (1988)

3. A. Reisman, S. Tricbwasser, and F. Holtzberg, J. Am. Chem. Soc., 77, 4228-4230 (1959)
4. E. Wiesendanger, Ferroelectrics, 6, 263-281 (1974)

6. Van der Klink and D. Rytz, J. Cryst. Grwth, 56, 6713-676 (1982)
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Figure 1 Absorption spectrum of the as-grown KLTN:Cu,V.
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Figure 2 Dielectric constant of the KLT 4N ,,. The phase transition is approximately 50 degrees
higher than a comparable KTN.
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In KNSBN several crystallographic sites can be partially
The

Jinan 260100, China

Summary

empty ,which allow crystal composition to be tailored.
magnitude of longitudinal (rs,) and transverse(rss) electro-

optic coefficient depend greatly on the ratios of Ba/Na and
K/Na.So either ras or r;, can be made large, absorption and
response wave range can be controlled in the desired spectral
range by changing the dopant and its concentration . Accoding
to these the crystal with partially- filled composition Cu
-doped (Ko. sNao. &) 0. 3 (ST0. -1B80. 30) 0. » NbaOe is grown. We get
the reflectivity R up io 68% of self-pumped phase-conjugate
wave (SPPCW) in this kind of KNSBN:Cu(Cu-doped 0. 04wt%) at the

laser wavelength A =614, 6om, [,~30mw, 6 =6° ( the experimental
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arrangement of SPPCM shown in Fig. 1), which is muech higher
than that in KNSBN, KNSBN: Ce ecrystals with fully-filled
composition. '’ Through our

investigation of three samples :

1. Cu-doped 0. 1wt®, 65X 4 X 3mm®; 2.

Cu-doped 0. 06wt%, 6 X 4 X 4mm®; 3. Cu

-doped 0. 04wt%, 4X6X6mm® , we

know that R is the largest at the

Fig.1 The experimental wavelenghth A  at which the

arrangement of SPPCN. absorption edge of Cu dopant band
of the sample stands, &8s shown in Fig. 2, Tab.1 and Tab.2. From
the experimental results we conclude that in order to produce
the high-reflectivity SPPCW at the working wavelenghth the
dopant concentration and absorptioin coefficient must be made

properly low.

Tab 1 Relationship of R Tab 2 relationship of R vs
ve Cu-doped concentration wavelength A in sample #3

p at A =614, bom

p (%) |0.04 (0. 06 (0. 1 A (om) [ 614. 6/496.6)488. 0({476.6

R (%) {68.0[62.3/29.7 R (%) | 68.0{47.4 138.2 |21.¢
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Fig.2 Transmission spectra for sample #l(curve a), #2(curve

b)» $3(curve ¢), an undoped one(curve d)» not corrected for

Fresnel losses.

Based on the experimental results that there is no loop and
self-bending channels exit in the crystal while the self
-pumped phase- conjugate wave appears, we think that the
backscattering and its effective amplification, then successive
four-wave mixing interaction in self- bending channels are
supposed to be responsible for the formation of SPPCW. [ts
reflectivity is high enough to be almost equal to the maximum
R~70%'®? in BaTiO, besides its advantages over BaTiO, in
growth, processing and its convenience in usage because there
is no limit for it to work necessarilly above 156°C, unlike for
BaTiO,. 8o this kind of SPPCM is more convenient, economical

and practical in application thae BaTiO, and this new type of
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crystals is very competitive to become one of the leading
photorefractive materials as the self-pumped phase-conjugate

mirrors in application.

References
(1]. Jusan Rodriguez , et al., Applied Optice 26 (1987), 1732
{2]. H. Rajbenhach, J.P Huignard, and P. Guater
Springer Series in Elctronics and Photonics, Vol. 30,
Nonlinear Photonics, 161 ( Springer-Verlog Berlin

Heidelerg 1990)
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A NEW PHOTORZFRACTIVE MATERIAL KNSBN:Co

1. INTRODUCTION

Potassium sodium strontium barium niobate(KNSBN) has been
developed in our country for the first time , It 1s+a new

gfoelectrég with A-sites thoroughly occupied by K, Na%t ’
and Ba ions.Comparing to BaTiO,, KNSBN crystals have

no pnase transition at room temperatu;e, but have large
hardness coefficient and 180° ferroelectric domains that axe
easy to be polarized. KWSBN will be one of the most prospec-
tive photorefractive materials that can be used in holograph—
ic siorage , image amplification and opticel phase conjuga-
tion“, The purpose of this paper is to describe the crystal
growth and photorefractive properties of KilSBN:Co,.

2. CRYSTAL GROWTH
Coz(KxNa1_x)o.2+z(Sr1_yBay)O.9_2sz206(KHSBN:Co,x=0.5,
y=0.39) crystals vere grown by pulling method using MCGS-B
sys+e1. The starting materials gre 99,99%.BaC0,, SrCO,,Nb,0 59
Na,CO4,and Co,0 39 which were mixed accgrding % ﬁe
cgys%al c mp831t10n és =0.003, 0,006 and 0.02, The zrowth
conditions s&re:

Growth temperature: 1550°C

Pulling rate : 3=--5mm/h
Rotation : 10-=15rpm
Atmospnere : Air

Pulling direction : 001

From the appearances of tiae as-3rown crystals, it cen be
seen tnat tae amount of Co ions severely af.ects t..e growta
habits of taem. For crjstal z=0,003, it a pears eiznt facets
with good symmetry, winich are (110), (100) and their symme—
trical facets, and is very similar to the undoped KiSB:l(2z=0).
For crystal 2z=0,006, the cross section perpendicular to
C-axis is square, and at the places equal to its edges,
there are (210), (110) and taeir symmetrical facets. Only
two facets of (100) appears for crystal z=0.02.

3. TRAHWSLIIS.ION SZrCTRA

Pig.1 shows the transmission properties of KiicBN:Co.,From
it we can see taat, althroug. the value of z is changed,
increasing absorption to the light of 675nm appears for all
of the trree doped samples, So, & new energy level has been
formed in the band gap for the dopants of Co ions, and nev

centers for free caarge carrier stimulgtion and recombina-
tion can modify the photorefractive prﬁpeiiiej/of KNSBN,
/

92-18630 ,
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Fig.2 Experimental set-up for Fige1 Transmission spectra
two=wave coupling.SP,beam a)undoped,b)z=0,003,C)z=
splitter;M,mirror, 0.006 and d)z=0.C.
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Fig.3 Tone relation betvieen the Figd Tae time response pro-
zein and tie an;le 29 , perty of KuSBil:Co in two--

wave coupling,
4, TWO-WAVE COURLING 1N KNSBN:Co
Two-wave coupling usueslly means the energy trensformatioc
cetvecen two coherent beams inside a photorefractive materiel.
Tac cirange of tne energy density of the signel bean can be
represented by :

Is(Ir’GO)/Is(Ir:O)=(1+m)er“ /1+merd

Wnere d is the thickness of a sample, ' is the gain coeffici=~
ent and m=IS(O)/Ir(O). In our experiments, m=0,001, then:

r=d""Ln(I (I,40)/I_(I,=0))

Fig.2 snoys the errangment for two-wave coupling. An xtreor=-
dinary ArT-ion laser beam( =488nm) was used and &

detector connected to a X-Y recorder was used to record the
the time response property. Fig.3 shows the relation between
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the gain for the crystal of 2z=0,003 and tne angle 26 formed
by the two-beams outside4thg1sample. The Debye constant is

determined to be 5,75x107cm ' and the effeq*iveBCharge den-
sity is estimeted to be in the order of 10 'em™’, Pig, 4 is
the time response property and the oscillating at the sat-

uration stgte is caused by the sparkling at the surface

the sample”.

n(%) -~
FTY
80 -
- \ g. \
- 2 ¥
» Ig=1 10mw/ cm y
LO | 2 ~
Ir'1 10mw/cm H
20 A =L88nm
0 1 | L | f | 1 0 1 | 1 | 1
) 20 40 60 0 1 2 3
ANGLE 26 TIME(SEC.)

Fig.5 The relation between the Fig.6 The time response pro-
diffractive efficiency and the pérty of storage in KWSBl:Co.
anzle 2% .

5¢ HOLOGRAPHIC STORAGE PrOP=RTIES OF KHSBi:Co
?hotorefractive materials can play an important role in
volume nolograpay and reel-time associative memory. Tae rel-
ation between the diffraction efficiency and the 4ngle 20
formed by tiie reference beam and the signal bez=m is siaown in
Fige5, and t:e response properiy is sii0o'n in Fig.6. The pho=-

toggfrgctive sensitivity is estimated to be in the order of
10"7cm“/J, two-orders of magznitude higher than that of
LikbOo

3.

Fige7 The diagram for our purpose to produce a phase con-
jugation beam,
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Fig.8 Experimentel set-up for our purpose, SP,beam

6+ SELF=PUMPED PHASE CONJUGATION EXPERILMENT IN KNSBN:Co,

Photorefractive materials provides a convenient way to real-
ize optical phase conjugation. The purpose for our experiments
is described as follows:

When a beam of light goes through a photorefractive material,
a beam fan can be forued for the coupling between the beam
and the noige, tizat ic to say, tacre ere so many gratins, which
nave different grating vectors, that the phase matching condi-
tion is automaticelly reached when enother beam is to reed the
sratings. Becauge of the ccupling between the reading beem and
the diffracted beam, one of the grating is strenzthened and the
strong phase conjugation beam can bg owytput.Fig.7 is the dia-
gram explanetion for our purpose, I1(I ) is the fanning 1lizht
of I,(I,). The experiment diegrem is shown in fiz.8. The self-
pumped Phase conjugation reflectivity of 46% is determined
uging Ar-ion laser?A=514°5nm).

7. CONCLUSION

In duir’ experiments,high opticel quality crystals have been
got and the centers responsible for photorefractive effect is
determined to be Co ions. High photorefractive sensitivity,
large geain coefficient and large self-pumped pnase conjugation
reflectivity enable KNSBN:Co crystals to be used in many as-
pects of opticel image processing.
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To the best of our knowledge, only preliminary studies of photorefractive effects in the
ultraviolet (UV) spectral range have been reported up to now, e.g. in KHoPO4 [1], RbZnBry
[2] (both at low temperatures), and in LiNbO3 [3, 4] and LiTaO3 [5] in the near UV.
Photorefractive materials operating in the UV however could be very useful for all types of
coherent optical beam interactions, e.g. beam ‘{mpliﬁcation, dynamical holography, phase-
conjugation or photolithographic applications where the use of shorter wavelengths leads to an
increased resolution.

BigGe3012, the material used in this work belongs to the cubic point group 43m and has a
large transparency range extending from about 300 nm to about 6 pm. In the visible spectral
range, photorefractive effects have been observed recently in Cr doped BigGe3012 by Moya et
al. [6], who first proposed the material as a candidate for UV photorefraction.

In this work we report on the observation of photorefraction in undoped BigGe3012 and
present a detailed characterization of photoinduced refractive index changes, the absorption
constant, the photoconductivity and the dispersion of the electro-optic coefficients all in the UV
spectral range.

The samples investigated in this study were cubes with faces perpendicular to the
crystallographic [110], [110] and [001] axes and dimensions of 4.88 x 5.01 x 5.26 mm3. They
were cut from a boule of pure Bi4Ge3012 and the (110) faces were polished to optical quality.
Preliminary piezoelectric tests allowed to determination of the [110] and of the [110] directions
in accordance with the Standards on Piezoelectric Crystals [7]. The photorefractive
investigations were performed by using either the laser line at A= 351.1 nm or the line at
A=334.5 nm from a Spectra Physics Art-ion laser operating in the mid UV region.

The absorption coefficient o of our undoped BisGe30;2 samples is =0.06 cm'! at A=351 nm
and 0.13 cm! at A=334 nm. BisGe3012 possesses only three non vanishing and equal electro-
optic coefficients, r41=r52=r¢3. The value of r4] is 0.96 pm/V at A=633 nm. Towards shorter
wavelengths we have measured a slight decrease of r, for instance, at A=351 nm we get

§
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r41 =0.57 pm/V. The room temperature dark conductivity of the material is
64 = 5°10-14 (Q cm)-! and, as it is the case for the photoconductivity (Figure 1, inset),
depends linearly on the voltage applied along the [001] direction. As it is shown in Fig.1, the
photoconductivity Opp, is linearly increasing with intensity at all wavelengths and becomes
particularly large in the UV. The value of ¢y, the product of ¢, the quantum efficiency for
generating a free charge carrier per absorbed photon, |, the average carrier mobility and 1, the
lifetime of a free charge carrier before recombination in a deep trap, can be extracted from the
photoconductivity measurements. The obtained values at different wavelengths are contained in
table 1. The photoconductivity measurements

reported above indicate that in BisGe3012, Table 1: Photoconductivity data
similarly to the fastest photorefractive of Bi4Ge3O12
materials like KNbO3 and Bi12Si020, the drift A [nm] opt [10-19%m2/V)
length Lg = ptE, of the free charges can reach 514 0.09
values comparable to the fringe spacing. For 458 0.2
example, a drift length larger than 0.2 pm is 351 5
obtained at A = 334.5 nm for an applied field 334 20
of 10kV/cm.
30 20 Fig. 1: Intensity dependen-
- — ce of the conducti-
S 3 15
£ 25 S vity & for illumina-
g = tion at different
w 20 5
® wavelengths.
— 15 0 Inset: Current-field
)
3 10 characteristics at
g A =351 nm for an
2 5 514nm (x10) illumination intensi-
Q
(3] 458 nm (x10) / 2
0 ————7 ty Ip=0.41 W/cm?<,

0 200 400 600 800 1000
Light Intensity [mW/cth

Holographic investigations in our samples were performed in geometrical configuration where
the grating wavevector K of the light fringes was parallel to the crystal [001] axis and the
polarizations of the pump, the signal or the weak He-Ne probe beam were all parallel to the
crystal [110] axis. The recording, erasure or the dark decay of the refractive index grating can
be described by a simple exponential law. The time constant T observed during the dark decay
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is of the order of T = 30-40 s and agrees satisfactorily with the dielectric relaxation time
Tdie = €€0/04 = 27 s as obtained from the measured dark conductivity 64. According to the
much higher conductivities observed under illumination, the recording and erasure time
constants observed in our samples are much shorter. Fig.2 shows the intensity dependence of
recording and erasure times. Since the straight lines have unity slope, T depends inversely
proportional on the light intensity. By extrapolating the straight lines on Fig.2 to an intensity of
1 W/cm?2 we get T = 60 ms at A=351 nm and t=14 ms for A=334 nm.

T T T T T Fig.2: Recording (full sym-
bols) and erasure times
(open symbols) of the
photorefractive
gratings in BigGe3012
measured by Bragg
diffraction.
m: A=351.1 nm,
A=2.5 um,
0: A=334.5 nm, A=0.8
0.01 NS | e sl pm.

1 10 100 Applied electric field
Eo=0.

10.00

1.00

1[s]

0.10

(Light Intensity) [cm2/W]

The saturation diffraction efficiencies observed in our samples reached a value of about
1 percent /cm corresponding to a refractive index change of about 2¢10-6, This is less than
normally obtained in most of the ferroelectric photorefractive crystals like i.e. BaTiO3,
KNbOs3, LiNbO3. However, since large and low cost crystals of BigGe30)2 can be grown, the
small refractive index changes are not a fundamental obstacle for the use of this crystal for
holography.

We performed two-wave mixing experiments in order to determine the effective trap density
Nesr and the sign of the majority charge carriers. In our experimental configuration the
exponential gain coefficient I is given by

=+ 2nn3ry; Eq’Ep + Ep?Eq + E¢Ey?

Acos®  (Eq+Epp+Ey?

where E, is the externally applied electric field and Eq and Ep are the well known fields [8].
The measured gain coefficients for different grating spacings A are shown in Fig.3 together
with a fit to the data with equation (1). For our BisGe30)2 crystals we obtain

(1
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Nesf = 2.121015 cm-3 and we find that holes are the majority charge carriers responsible for

the build-up of the space-charge field.

0.30 SRS IS IR I Fig.3: Exponential gain coeffi-
0.25 - Eo = 10 kV/cm cient I measured in two-
- wave mixing experiments
= 0.20 ;- as a function of the
E 0.15 3 grating spacing A for
: é A=351 nm.
0.10 | m : externally applied
0.05 3 field Eg=0 ; o: Eg = 10
F kV/cm. The curves are
0.00E fits using eq.(1) with
0 1 2 3 4 5 Nefr = 2.121015 cm3.

Afum]

It should be noted that the observed exponential gains I" exceed by up to a factor of 4 the
absorption coefficient o = 0.06 cm-1 at the recording wavelength of A = 351 nm. Effective

amplification factors exp((I'—ou)d) larger than unity are therefore possible and have been
observed already in the 0.49 cm long crystals. BisGe3017 therefore seems attractive for
coherent image amplification and other nonlinear optical applications in the UV spectral range.
In addition, BigGe3012 crystals belong to the group of materials having fast recording times

and could thus find applications also in dynamic holography using UV lasers.
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Abstract

We report the first observation of the photorefractive effect in Cadmium sulfide. The

maximum gain coefficient measured is 0.3 cm™! at 633 nm. The response time is 1 ms at an
intensity of 150 mW/cm?2.
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Summary

Considerable attention has been devoted to the identification of fast and sensitive
photorefractive materials in the last decade. Materials such as BizgSiOyq, GaAS, InP:Fe,
GaP and CdTe:V are characterized by relatively large diffusion lengths and fast response
times at incident intensities of few tens of mw/cm2. However, with the exception of GaP
[1] none of these materials can be used in the wavelength range of 600-700 nm.

Cadmium Sulfide (CdS) has been extensively investigated as a photoconductor [2,3] but to
the best of our knowledge investigations on it photorefractive properties have not yet been
reported. This paper reports the observation of moderate gain ( 0.3 cm™! ) in low loss
(0.14 cmr1) single crystals of CdS at a wavelength A of 633 nm. At the same wavelength
CdS is at least an order of magnitude more sensitive than GaP [1] and in contrast to this
material it offers net gain. The behavior of the gain coefficient as a function of grating
period for ordinary and extraordinary polarizations has been investigated assuming a one
charge carrier model. The photorefractive grating response time has also been determined.

Figurel shows the absorption spectrum of the crystal used in the experiment. As expected,
the ordinary and extraordinary polarizations have different absorbances A= a L near the
band edge, but at longer wavelengths they become almost identical. Here L is the
thickness of the crystal and a the absorption coefficient. It is interesting to note that the
maximum gain coefficient measured in the crystal at this wavelength is more than twice the
value of the absorption coefficient (without the application of an external field). The dark
resistivity of the crystal used in our experiments about 5x108 Q cm. The crystal is strongly
photoconducting at 633 nm and 670 nm. Incident intensity of a few tens of uW/cm?
causes the resistivity to drop by nearly three orders of magnitude.

The experimental setup used for measuring the two-beam coupling gain is well known and
we shall only discuss conditions relevant to our experiment. A 5 mW, 633 nm wavelength
beam of HeNe laser was used to obtain a signal and a pump beam with input intensity ratio

B = 140)/,(0) of about 0.38 and polarizations é; and é, respectively. These beams were
crossed inside a 1.4 mm thick CdS crystal. The crystal was oriented such that the c-axis of
the crystal is in the same direction as the grating wavevector k= [&] k. By chopping the

pump beam and monitoring the signal beam on a oscilloscope the magnitude of the optical
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gain coefficient and the response time of the grating decay / formation was determined.
The ratio of the intensity modulation of the signal beam A/ to the total signal beam

intensity emerging from the crystal after travelling a distance L is given by,

Als _ cos(ein)
! 7,,L
s I+ﬂ exp( COAS(G. )‘]
in

Where ain is the internal half angle between the two beams and 7, is the electrooptic gain

coefficient given by,

_ 2z E; »x,
Yeo™ 777 Teff T €12

where the space charge field E; is given in terms of the effective trap density Ng and room
temperature energy kgT and e is the magnitude of the electronic charge [4].

2
E =-imbl & € N
1+5 kT

ks
In figure 2, we plot the two-beam coupling gain determined for ordinary and extraordinary
input beam polarizations. For these polarization orientations and the geometry described

K A1 .
above the values of off = €] .[§- (R.k). é‘]- €, are given by,

reﬁ' = n,4 13 (ordinary polarization),

=n? in®(6 éﬁ 20
reﬁ,—n, r13 sm( ,,,)- nf,13 cos( ,,,)

(xtraordinary polarization).
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Where € is the permitivity tensor of the crystal and R is the linear electrooptic tensor. The
values of ordinary and extraordinary indices of refraction in CdS at 633 nm are n,=2.46

and, n,=2.48 [5]. By simultaneous fitting of these formulae into the electrooptic coupling
data, we determine various parameters of the material. Independent parameters were
chosen to be 7;3, k,2 and the ratio r33/r;3. The best fit is determined when effective trap
density Ng= 0.8 x1015 cm3, r;3=0.7 pm/V and r33/r;3 = 3.7 (or r33 = 2.59 pm/V ) (see
curve (b)). In order to determine the accuracy of these parameters, we fitted the data by
fixing the ratio r33/r;3 at two values of 2.75 and 5.0 respectively and allowing the other
two parameters to vary. We found that the effective trap density did not change more than
4% but r;3 was determined to be 0.93 pm/V (r33 = 2.55 pm/V) in the first instance and
0.53 pm/V (r33 = 2.6 pm/V) in the second case. These two fits are also plotted and labeled
as (a) and (c) respectively. Using this method we determine values of the r coefficients to
ber;3=0.71£0.2 pm/V and r33=to be 2.59 + 0.08 pm/V. These values are slightty
different from the values measured by direct methods r33 = 2.4 pm/V and r3 = 1.1pm/V

[5].

In summary we report the first observation of photorefraction in CdS single crystals. The
maximum gain coefficient at 633 nm is 0.3 cm~! which is more than twice the value of the
absorption coefficient in the sample. The effective trap density obtained for the crystal by
fitting the grating period dependence of the gain is 8.0x 1014 cm-3. The photorefractive
response time of the crystal is about 1 ms at an intensity of 150 mW/cm?2 ( available from
low power Helium Neon or red diode lasers). This makes CdS the most sensitive
photorefractive material in this wavelength regime.
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Recently, the high speed of semiconductor materials was combined
with the large optical nonlinearity of the Franz-Kelydish effect near the
quantum confined exciton absorption within semi-insulating multiple
quantum well structures (SIMQW)[1]. The diffraction efficiency of four
wave mixing obtained in the SIMQW with an optical interaction length of
1.05 pm is comparable with the diffraction efficiency for a semiconductor
bulk sample with an optical interactica length of several mm operating
under similar conditions. Thus, SIMQW become a ideal candidate to study
the diffraction process in the Raman-Nath regime[2]. Here, we report two
effects of the second order diffraction in a SIMQW sample under applied
field: 1) the direct observation of a strong second order diffraction signal;
2) the intensity of the degenerate four wave mixing signal depends on the
direction of applied field when the fringe spacing becomes large.

The diffraction process is in the Raman-Nath regime[2], and multiple
diffraction become possible, if Q = (2n Apl)/(nA2) < 1, where 1 and n are the
thickness and the refractive index of the medium respectively, Ap and A
are the wavelength of the probing beam and the fringe spacing of the
grating respectively. In the small-signal regime, the total diffraction
efficiency into the mth order by a complex index of refraction grating,
An’(x)= (An+ilpAa/dzn)cos(Kx), is given by[2]

2 2m
nm=—1-{@Anly" Ay
mis )
P 0)

where An, Aa are the modulation of the index of refraction and absorption
coefficient respectively, and K=2nr/A is the spatial frequency of the grating.

The optical interaction region of our SIMQW sample is composed of
60 periods of GaAs wells (75 A thickness) and Alg,3Gag,7As barriers (100 A
thickness), with a total optical interaction length of 1.05 um and a total
sample thickness of 2 um. It was made semi-insulating by proton
implantation. This process introduces deep level defects which provide
traps to store charoce. and vin the Fermi level midgap to make the entire
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sample semi-insulating. The electro-optical properties of the sample were
characterized in the Franz-Kelydsh geometry with the applied field parallel
to the quantum wells. The infrared light source in our the experiment is a
Ti:sapphire laser which is tunable from 800 nm to 850 nm, covering the
exciton absorption range of the SIMQW.

Ar lon laser

N Ti:Sapphire Laser \

\§ N

Fig. 1. Experimental set up of the multi-wave mixing process. Applied AC
field is 5kV/cm.

Our multi-wave mixing experimental setup is shown in Fig. 1. The
SIMQW is illuminated symmetrically with respect to the normal vector of
the quantum well plane by two coherent laser beams, each beam polarized
perpendicular to the plane of incidence and parallel to the quantum well
layers. The intensities of the two beams are approximately the same
(0.36W/cm?2). The intersection angle between the laser beams is 20=8.29,
corresponding a fringe spacing A of the interference pattern of
A=L/(2sin0)= 5.9 pm for a wavelength of 840 nm. A biased AC field of §
kV/cm is applied across the sample in the direction indicated on Fig. 1 at a
frequency of 290 Hz. To justify the diffraction regime in our
measurement, take the typical values of our measurements: 1=2 pm, A=840
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nm, n=3.6 for GaAs wells and A=5.9 pm. Thus Q=0.08, putting us in the
strong Raman-Nath regime.
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Fig. 2. The first and second order diffraction efficiencies.

The diffraction signals of the first and second order were observed
for both beams. The first order and second order diffraction efficiency for
beam 1(m=1,2) is shown in Fig. 2. The first order diffraction efficiency
depends on the direction of the applied field, while the measurement of
differential transmission and intensity of second order diffraction shows
no indication of field-direction dependence. There are two physical origins
of the strong second order diffraction signal: 1) the first order diffraction
of the probing beam through a dielectric grating with a spatial frequency
of 2K; 2) the multiple diffraction process through a dielectric grating with a
spatial frequency of K. The effect of the later can be estimated from
equation (1), which yields a gain of 10-8 for m = 2, and is therefore
negligible. Thus, there exists a dielectric grating with twice the spatial
frequency of the light intensity pattern.

The ratio between the second and the first order diffraction
efficiency is approximately 1/6 , which implies
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N2 _ [4mAnz+ iAashy P g
M |4nAng+ iAok, 6 )

where the subscripts 1,2 indicate the Fourier components of dielectric
gratings with spatial frequencies of K and 2K respectively. The Franz-
Kelydish effect is a quadratic effect. A Fourier analysis of the E-field in
the sample and E2 is easy to make by keeping 2K harmonic components:

E=Eg-(Ejcos(Kx+@; )+E2cos(2Kx+92) ) (3)

E2=E(240.5(E12+E32 )-2EqE jcos(Kx+¢; )+E1Ezcos(Kx+¢2-91 )
-2EoE2cos(2Kx+92)-0.5E12cos(2Kx+2¢; ) (4)

In order to explain the experimental results, E; must be considered.
A rough estimate of Ej/ Ep is possible by neglecting the effects of the
fourth and sixth term in eq.(4). As a result, we have

N2 =(E2_)2~l
1 E{ 6 (5)

This means a 40% strength of Ez compared with E;. The effect of the
direction of field on the diffraction efficiency of the first order diffraction
can be understood as the interference effect between two beams: the first
order diffraction signal of I; (m=1) and the second order diffraction signal
from Iz (m=-2). This effect is similar to the two-wave mixing process in
SIMQW[3]. When the direction of the E field changes, the relative phase
between these two beams also change, so that the detected signal changes.

In conclusion, we have observed a second-order diffraction signal
with a diffraction efficiency comparable with the first order diffraction in
degenerate four-wave mixing. This large high-order diffraction is
generated from the large second harmonic component of the dielectric
grating in the SIMQW. When the fringe spacing became large, the
condition for thin grating diffraction can be satisfied by the dielectric
grating with high spatial frequencies.
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Multiple-quantum-well structures in semiconductors have strong spatial
inhomogeneity. Bandgaps in these multilayer samples vary by several tenths of eV
over monolayer distances. These dramatic spatial changes in bandstructure have
significant consequences for the photorefractive effect, creating new effects that have
no analog in bulk photorefractive materials. The ability to design new materials and
devices, and control desired photorefractive properties, has few limitations. Several
processes give photorefractive quantum well structures unique advantages. Two
charge separation processes, in particular, contribute to the novel effects: 1) bandgap
energies can be selectively tuned to isolate optical absorption to some layers, but not
others; 2) carriers in quantum wells tunnel into barrier regions with larger bandgaps,
generating metastable defect occupancies with associated electric fields. These
processes couple with one of the strongest advantages of quantum well structures:
quantum-confined excitons. Quantum-confined excitons in semiconductors exhibit
large quadratic electro-optic effects. The quadratic electro-optic effect combines with
the charge separation processes to yield ultra-high sensitivity photorefractive effects
with large diffraction efficiencies[1] and beam coupling gains. In this paper, we
present the theory of photorefractive effects in quantum well structures, concentrating
on the role of spatial inhomogeneity in the nonlinear optical behavior.

Quantum-confined excitons have two distinct quadratic electro-optic effects: the
quantum-confined Franz-Keldysh effect; and the quantum-confined Stark effect. The
Franz-Keldysh effect occurs when the electric field is in the plane of the quantum wells.
The electro-optic mechanism is the lifetime broadening of the exciton transition. The
Stark effect occurs when the electric field is perpendicular to the quantum wells. The
electro-optic mechanism is the shift of the transition energy. The Stark effect is
potentially a much stronger electro-optic effect, leading to the largest photorefractive
effects. Photorefractive gratings are probed with wavelengths near the excitonic
absorption wavelength. The pump beam wavelength is not restricted, however, but
can be any excitatory wavelength, even visible wavelengths.

The key to the quantum well photorefractive properties are the deep level
defects. The quantum well samples are made semi-insulating by proton implantation.
The implant damage creates deep level defects that pin the Fermi level midgap. The
electron states on the deep defects are highly localized. The typical radius of the
defect wavefunctions is approximately ~5A. This wavefunction radius is much smaller
than the quantum well or barrier widths (~100 A). Therefore, strong spatial variation of
the defect occupancy is possible, depending on whether the defect is positioned in a
well region, or in the center of the barrier region. The spatial dependence of the defect
occupancy also depends on the wavelengths of the mixing photons. An example is
shown in Fig. 1. The probe photons excite electron-hole pairs only in the quantum
wells. The photocarriers from the probe can recombine directly, or can tunnel into the
barriers before trapping. The rapid decay of the electron and hole wavefuntions into
the barriers rapidly reduces the capture rate into defects in the barriers. Defects in the
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center of the barriers are essentially inaccessible to tunneling carriers. Space-charge
trapped in the barriers will therefore not be erased rapidly by the probe
photoconductivity. The transport and trapping features shown in Fig. 1 are generic for
any photorefractive quantum well structure. However, the different means by which
electric fields may be applied, or the different exciting wavelengths that can be used,
provide a large degree of flexibility in what types of photorefractive behavior will be
observed.

Thermionic
Emission

B WO S Do |
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15 A Capture
10 A
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Fig. 1 Vertical transport in multiple quantum wells. Electrons and holes generated in
the quantum wells transport into the barriers by tunneling or by thermionic
emission, before they trap at deep defects.

When the electric field is applied in the plane of the quantum wells (Franz-
Keldysh effect), the transport equations for transport parallel to the field are very similar
to the usual equations used for bulk photorefractive crystals. The novel photorefractive
effects therefore come from transport perpendicular to the applied field, as shown in
Fig. 1. In this paper, we illustrate the novel transport effects by discussing robust
infrared gratings in the Franz-Keldysh geometry. When pump laser beams from a
HeNe laser write an interference pattern, the pump light is above the bandgaps of both
the wells and barriers. Therefore, in the bright interference fringes, carriers are
generated in both the wells and the barriers. The carriers generated in the barrier
regions trap at defects in the barriers in the usual manner as with bulk crystals,
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generating space-charge gratings with their associated electric fields. The probe
laser, tuned to the exciton absorption, experiences large photorefractive gratings due
to the quadratic electro-optic effect of the quantum-confined excitons. The probe is
diffracted in nondegenerate four-wave mixing by the grating. However, the probe
photoconductivity is isolated to the quantum wells and cannot erase the space-charge
stored in defects in barriers. Probe laser intensities can therefore be considerably
larger than the pump beams, without erasing the gratings. The dielectric relaxation of
the space charge fields generated by the pump laser, caused by the photoconductivity
of the probe, can be expressed through the position-dependent saturation intensity

B(x.E)

B(X,E) ~ Ipr(x) }‘-pr apr1{4 e2ka COShqkbE) + e-AE/ka.)
Ipu(X) Apu Opy

where the first term in the parenthesis is from tunneling into the barrier, and the second
term is from thermionic emission over the barrier, a is the half-width of the barrier, kp is
the inverse decay length of the carrier wavefunctions into the barriers, Tg is the

electron temperature, and Ipr and Ipy are the probe and pump intensities respectively.
The diffracted probe signal as a function of probe intensity is obtained by

L 2

dg
[ 5 d
M2al| | (1+pxg)
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The second-power comes from the quadratic electro-optic effect and the quadratic
dependence of diffraction efficiency on index and absorption gratings. The theoretical
diffracted signal as a function of probe intensity is shown in Fig. 2 for two barrier
thicknesses, and two temperatures. The dielectric relaxation due to thermionic
emission is comparable with tunneling into the barriers. For 150 A barriers, the probe
beam intensity can exceed the pump intensity by almost a factor of 100 at the peak in
the excitonic absorption when the diffracted signal is maximized. Extremely weak
pump beam intensities can therefore be used to control strong probe signais.

This example of "robust" gratings is one illustration of the photorefractive
consequences of the spatial inhomogeneity and vertical transport in quantum well
samples. Many other effects are anticipated. In particular, the vertical transport,
through tunneling, is a mechanism for charge separation perpendicular to the grating
vector. Space charge fields will therefore be built up between the wells and the
barriers. One result of this may be a new mechanism for generating a phase shift
between the intensity grating and the index grating. This phase shift is necessary for
photorefractive gain. Preliminary work[2] on two-wave mixing using the Franz-Keldysh
effect in semi-insulating AiGaAs/GaAs quantum wells has lead to large phase shifts

and gains I' > 400 cm-1 under DC applied fields. The source of the phase shift may

not be due to space-charge limitations, but may represent a differential tunneling of
electrons and holes into the barriers. [f so, then this new transport mechanism will be
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of significant importance for future photorefractive applications that require beam
amplification.

These novel photorefractive effects combine with the large electro-optic
properties of quantum-confined excitons to create a promising new class of materials.
Ultimately, when using the quantum-confined Stark effect, very large diffraction
efficiencies will be expected. These diffraction efficiencies challenge the efficiencies
of some of the ferroelectric oxides and should form the basis of novel photorefractive
materials and devices.
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Fig. 2 Theoretical diffracted signal as a function of the probe beam intensity. The
material parameters were for Alp 3Gag 7As/GaAs multiple quantum wells with the
barrier widths given. The dotted curves are for T = 200 K, and the solid curves are for
T =300 K.
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[2] Q. Wang, D. D. Noite and M. R. Melloch, to appear in Appl. Phys. Lett.
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Red-green diffraction instability in the
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Figure 1: Geometry for observation of red-

green diffraction instability.
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We have investigated the new dou-
bly color sensitive photorefractive
crystal BijoTig76V.2402; by writ-
ing a hologram in green (A = 0.51
pm, cw-argon laser) and reading
it out in red (A = 0.63 pm, cw-
HeNe laser). It was found that
the diffraction efficiency for the red
beam is chaotically oscillating in
time with a period of about 0.1 s
between zero and some maximum.
The diffraction efficiency for the
red beam decayed smoothly after
the green beam was switched off.
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These oscillations exist also for values of the diffraction efficiency as low
as 0.1%, and therefore can not be explained by overmodulation of the
refractive-index grating.

We propose an explanation of this instability based on the interplay of the
selfenhancement effect [1,2,3] with the kinetics of the hologram formation
by green and red interference patterns. For an orientation of the grating
vector ¢ || [110] (see Fig. 1) the equations for the slowly-varying amplitudes
of the red waves are [2,4]:

daz,z _ i AEb,, + Ga,,
dy ' ’
dlfy’ ® = —irAE‘a,, +Gb,, (1)

where r = wk3r14/() cos8), r14 is the electrooptic coefficient, and G is the
specific optical activity. Similar equations can be written for the green
waves, taking into account dispersion of r and G. The amplitude of the
electric-field holographic gratings E can be found from the equation

diE=2,EDAIR£AIG_AE (2)
where Alg ¢ stand for the interference pattern in red and green, Ep is the
diffusion field, and Ij is the total intensity. To describe the experiment we
start from the steady-state holographic grating in green which according

to eqn. (2) for the grating amplitude gives

T

Al
AE =iEp—<. (3)
I
When the red reading wave is switched on, the transmitted and the
diffracted red waves form an interference pattern

G

o
Al =1 EpAlp | (I - L )sin?yy — (4;AF + c.c.) LY

4
2y (4)
where v2 = G? + |[rAE|?, I, , = |A. .|, and A, , are the input values of
ar.. This red interference pattern may write its own holographic grat-
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ing. One can see from eqn. (4) that the space shift between the red Al
and the green Al patterns depends on the polarization of the reading
wave because of optical activity and changes through the crystal depth
y. When the "out of phase” condition Alp = —Alg is met , the green
pattern is washed out by the red one which leads to the disappearence
of the diffracted red wave and the red interference pattern. Then the
green light pattern writes a new hologram and this oscillating process can
proceed further. This physical picture of a new type of red-green diffrac-
tion instabilities will be further investigated by numerical calculations in
progress.
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Photorefractive media have been used for many novel applications in image processing.
One interesting use is the novelty filter which is an all optical processor based on the response of
two wave mixing (2-WM) or four wave mixing (4-WM) [1,2]. It is obvious that the temporal dym-
namics of the wave mixing process is essential to understand such processes. However, since the
overall photorefractive dynamics, including the wave mixing part, is described by complicated non-
linear partial differential equations, it is hard to obtain a general solution. The study has been
largely limited to steady state behavior and the response of the photorefractive material only,
without taking into account the dynamics of the wave coupling effects.

In the first part of our paper we study photorefractive 2WM. We first derive an analytic solu-
tion for writing and erasure of a grating in the photorefractive material using the undepleted pump
approximation. This solution is based on Cronin-Golomb's theory [1], except that we apply boun-
dary conditions in the time domain, rather than the frequency domain as he does. We thus obtain
a simple analytic solution for the cases of turning on or off the input signal. Unlike the solutions
presented in earlier work, we emphasize the dependence of the dynamic solution on the coupling
of the waves in the photorefractive material. We compare our analytic solution with experimental
measurements of 2WM in BaTiO,. It allows us to estimate the gain coefficient and time constant
of the material simply and precisely.

in the figures below we describe part of the results. Figure 1 shows the temporal change of
the normalized output intensity from the crystal after turning off the signal at ¢ = 0, as a function of
the amplification coefficient, <yl , where [ is the length of the interaction zone. It shows the

I I
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Fig. 1 Theoretical curves for 2-WM, Fig. 2 Theprgﬁcal curves for 2-_WM,
9 describing the normalized signal describing the normalized signal
beam intensity versus time after beam intensity versus time after
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response of a photorefractive amplifier (Re Yl > 0) . It can be seen that as the amplitication
(yl) increases, the normalized response becomes slower and hence, the amplification
bandwidth decreases. This behavior is explained by the fact that at high amplifications, even
before the input signal is turned off, the energy in the signal in the interaction zone in the crystal is
drawn mostly from the pump beam, which is scattered by the grating inside the material. Because
the grating strength is not altered at the moment the input signal is turned off, the signal inside the
crystal remains strong initially, and theretore, the output signal drops off slowly. The buildup rate
for an oppsite coupling constant (when the crystal serves to attenuate the signal (Re y/ < 0), is
also strongly dependent on yl (not shown in the figures) and response times much faster than the
time constant of the material (t) may be obtained. For the buildup behavior, Fig. 2 shows the out-
put signal after the input signal is turned on at £ = 0, for a number of different positive values of
vl. There is a qualitative similarity to the results shown in Figure 1 , particularly in the fact that
the larger the value of v/, the slower will be the change in the output after the input is turned on.

These results show that we can control the response time of a photorefractive device, such
as a novelty filter, that is based on 2-WM [1,2], by controlling the amplitication coefficient through
appropriate choice of the mixing angle.

In the experiment we measured the temporal response of the output signal after turning the
input signal on or off. We used a poled BaT'iO 5 crystal illuminated by an argon ion laser operat-
ing at 515 nm. Figs. 3 and 4 compare the experimental and theoretical results for three different
values of yl. The fitting of the theory to the experimental data was based on common values of 1
and vl for both the buildup and the erasure processes together for each geometry.

O =
T 1 1 T
0 2 4 6
t/T t/T
Fig. 3 Experimental and theoretical Fig. 4 Experimentat and theoretical

dependence of the oulput signal in
2-WM after turning it off. The fitted
coupling constants are (the same
as in the former figure for the
buildup) vl =172 (lowest
curve), 2.78,3.3 {uppermost
curve).

dependence of the output signal in
2-WM after tuming it on. The fitted
coupling constants are : yl =1.72
(uppermost  curve), 2.78, 3.3
(lowest curve).
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Next, we present a numerical solution to the 2WM problem for cases in which the signal
intensity is not negligible in comparison with the pump. We take into account the nonlinearity of
the wave coupling, while assuming the material’'s response to be linear. This numerical solution
permits for the first time the calculation of the dependence of the writing and erasure times on the
ratio of intensities of the signal and pump beams. It also predicts an unusual phenomenon of pho-
torefractive grating buildup after the signal beam has been turned off.

Figures 5 and 6 show the temporal response of the the signal normalized outputs after the
input signal is turned off or turned on for the pump depleted regime. T is the time constant after
turning on or off the signal. The time needed to erase the grating will depend on the modulation
depth of the grating recorded in the material, which in turn is a function of the beams ratio. In
steady state the strength of the grating is proportional to the modulation depth of the light intensity
in the crystal. For a very weak or strong signal this modulation depth decreases, so that the eras-

ure time is shorter.
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I4/14 = 10%(solid  curves), I,/1, = 10%(solid curves),

100 (dotted curves), 4 (dashed 100 (C)iotled curves), 4 (dashed
curves).

curves).

Figs. 6 shows that the stronger the input signal, the faster is the buildup of the output signal.
The decrease in buildup time stems in part from the fact that a stronger input signal reduces the
grating amplitude required to attain maximum scattering of the pump beam into the output signal,
since the possible energy transfer from the pump to the signal in this case comes to be limited not
by the strength of the grating, but by depletion of the pump. Moreover, the buildup rate of the grat-
ing increases with increasing modulation depth between the pump and signal beams in the crys-
tal. Thus, during most of the buildup process, the buildup rate of the grating is high, while the grat-
ing amplitude required for energy transfer from the pump to the signal is dropping, and therefore,

the signal buildup time decreases.
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These results explain the long buildup time measured in Ref. [4] for fanning relative to that of
the output signal. The difference stems from the fact that the strength of the scattered light that
gives rise to the fanning is much less than the strength of the input signal to the crystal.

In the second part of the article we show an analogy between four-wave mixing (4WM) and
2WM in a unidirectional ring cavity, in the undepleted pump approximation. It is obtained by com-
paring the time dependent equations of the two configurations. Fig. 7 describes the circuit for the
case of the externally pumped four-wave mixing. A similar scheme can be obtained for the Dou-
ble phase conjugate mirror [3]. The comparison demonstrates that there is an effective feedback
mechanism in 4WM even when there is no positive external feedback circuit. This analogy is
used to study the 4WM schemes and to obtain its stability properties.

\92—“12/114%

Kt Aq /A SN Io /1, Aq(t)
PUMP

Fig. 7 The circuit for the standard case of
the undepleted 4WM (the phase
conjugate mirrcr), which provides
the analogy with two-wave mixing
in a unidirectional ring resonator.
(A factor of 2 for each 3 dB beam-

sphitter is not included in the
scheme).

REFERENCES

1. M. Cronin-Golomb, A.M. Biernacki, C. Lin, H. Kong: Opt. Lett. 12, 1029 (1987); M. Cronin-
Golomb, in Technical Digest of Topical Meeting in Photorefractive Materials, Effect and Dev-
ices (Optical Society of America, Washington, D.C., 1987), p. 142.

2. J.Feinberg, D. Z. Anderson IEEE J. Quant. Electr. QE-25, 635, (1989).
B. Fischer, S. Sternklar and S. Weiss, : IEEE, J. Quant. Electr. , 25, 550 (1989).
4. H. Rajbenbach, A. Delboulbe, J.P. Huingard: Opt. Lett. 14, 1275 (1989).

w




MB3-1 / 43

Beam Fanning in Coupled-Wave Theory of 2-Beam Coupling
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Simple coupled-wave theory!:2 accounts for depletion of the pump beam due to energy
transfer (i.e., amplification) to the probe beam. Ignoring absorption, the probe gain g can be
expressed as!

SUMMARY

= I](Z) - 1+rpp
11(0) 141, ppe-I‘z

1)

where I,(0) is the incident probe intensity, I" is the two-beam-coupling coefficient and Tpp is the
incident pump-to-probe beam ratio given by

_LO)
Tpp = I 1(0) (2)

with I,(0) being the incident pump intensity. Equation (1) remains valid even when the pump-to-
probe ratio r,,, is not sufficiently large (only the approximation for the probe gain g=~eTl becomes

invalid when Tpp is not much greater than el). Similarly, the pump depletion d can be expressed
as!

a=02@) _ 14 (3)
I,(0) TpptetTz

These expressions for the probe gain and pump depletion have proven inadequate in describing the
two-beam-coupling process, particularly when the coupling coefficient I is very large (recently,
I''s exceeding 60cm-1 have been reported3.4)

As is well-known in the photorefractive field, when the two-beam-coupling coefficient

I' is large, beam fanning3 is very pronounced and can significantly deplete the pump$ and probe
beams. Attempting to quantify the effect of beam fanning on two-beam coupling is complicated by
the fact that beam fanning originates from scattering centers in the photorefractive crystal which

92-18693
TN
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results in a collection of many beams with different wavevectors. In order to incorporate beam
fanning into the coupled-wave analysis in a tractable manner, we assume the crudest possible
arrangement for the beam fanning: a single wavevector. Scattering from both the pump and probe
beams throughout the interaction region (from z=0 to z=L) contributes to this fanning beam, as
well as two-beam coupling between the fanning beam with the pump and probe beams.

Neglecting linear absorption and letting I,(z), I,(z) and I;(z) represent the intensities of
the probe, pump and fanning beams, respectively, the coupled-wave equations can be written as

_d_I_1_= +l"1112 _ _ 1"1113

I Io I Io 4
dl; _ -I'iI, I'LI3

dz Ip Ip ©)
dl3 = I'Lil; |, T,

m +T1; + fIp + T + T (6)

where I' is the two-beam-coupling coefficient and f is a phenomenological fanning scattering
coefficient (related to the scattering cross-section and the density of scattering centers) describing
the scattered light from the pump and probe beams into the fanning beam. Here, for simplicity, we
have assumed the same coupling strength I'" for the pump-probe interaction as for the fanning-
pump and fanning-probe interactions. Also, the fanning scattering coefficient f for the pump is
assumed to be identical to that for the probe. The total intensity I is given by

Io=1; + 12 + I3 = 1;(0) + I2(0) @)

where 1,(0) and I(0) are, again, the incident probe and pump intensities. As indicated, I, is
constant in the absence of absorption.

The coupled-wave equations modelling two-beam coupling with fanning (Egs. (4) -
(6)) have exact analytic solutions, which can be written as

_Ii(2) _ (£t 1)
&= = ®
L) (fe@* M)+ T +frpy+ Trppe-(+2)
de= I(z) _ (f+)(rpp+1) )

L0 (f+T+ry)e Dz + Tryp
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Iy(z) _ f(Ee®T2-1)(rppt1)
L0)  feMe+T

(10)

where, as before, rp, the incident pump-probe intensity ratio given in Eq. (2). Note that the
fanning beam intensity I;(z) is arbitrarily normalized by the incident probe beam intensity since
there is no incident fanning beam. Clearly, in the limit of no scattering from the pump and probe
beams into the fanning beam (i.e., f—0), the probe gain g; given by Eq. (8) reduces to well-

known form for the probe gain g given by Eq. (1). Furthermore, in the limit of f—0, the pump
depletion d; given by Eq. (9) also reduces to the appropriate form as given by Eq. (3).

With this model for incorporating beam fanning in the two-beam-coupling process, the
dependence of the probe gain g¢ can be calculated as a function of pump-probe ratio r,,, for various
fanning scattering coefficients f from Eq. (8). The results are shown in Fig. 1, using a coupling
coefficient of '=50cm™! and an interaction length of L=0.50cm). As illustrated in Fig. 1, the case
of no fanning (f=0) requires a pump-probe ratio ry,, of ~1012 to reach the saturated gain value of
~1011, Increasing the fanning scattering coefficient f has two obvious consequences: a) the
saturated gain value decreases substantially and b) the threshold for gain saturation occurs at a
lower pump-probe beam ratio. Both of these features are apparent in recent two-beam-coupling
data obtained in SBN:60:Ce, as will be discussed. Figure 2 gives the dependence of probe gain g¢
on interaction length L and illustrates that for a given set of coupling and scattering coefficients, the
probe gain g; is maximized for only the optimal interaction length. Again, we will present evidence
of this behavior from experiments performed on a wedged BaTiO3, where two-beam-coupling
gains were measured directly as a function of interaction length.

Despite the simplistic model employed for the beam fanning (i.e., a single wavevector,
identical coupling and scattering coefficients, etc.), the strong correlation between theory and
experiment indicates that the fundamental effect of beam fanning on the two-beam-coupling
process is at least qualitatively described in this fashion.
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Figure 1 -- Dependence of probe gain g¢ on pump-probe ratio r,,, parameterized by the fanning
scattering coefficient f, as calculated from Eq. (8).
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Figure 2 -- Dependence of probe gain g; on interaction length L parameterized by the fanning
scattering coefficient f, as calculated from Eq. (8).
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Photorefractive bidirectional ring oscillation was demonstrated experimen-
tally some time ago [1]. Recently, a theory for the bidirectional oscillation in
photorefractive ring resonators was proposed [2]. Interesting properties, such as
intensity thresholding effect, may find applications in the fields of optical com-
puting and optical neural networks [3]. Although, the steady stade oscillations
are undstood, the stability of those oscillations has not been addressed. In this
paper we present the linear stability analysis of photorefractive bidirectional ring
oscillation under mean-field approximation and experimental confirmation of un-
stable oscillations.

Referring to Fig. 1, two counter-propagating beams A; and A4 are incident
on a photorefractive crystal which is placed in a ring cavity. The optical waves
are coupled by the following equations and boundary conditions:

8 18 1

(3; + 5541 = —357G4, (1)
(5 + 5245 = 21GAL 2)
('— - -—)As = -‘YGA4, (3)
(219, GA? 4
Oz c'at) 4= 2‘7 3 ( )

oG ALA + A3A;
% 6= , 5
"5t T O A Al AP Al )
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and
A2(0,t) = VR Ay(L,t — At), (6)
A3(L1t) = \/I—Z A3(0’t - At)a (7)
where v is the photorefractive coupling constant, ¢ = %’4 is the phase velocity

of optical wave in the crystal, 7 is the photorefractive time constant, R=1-T
is the product of mirror reflectivities, At = % is the transit time of the cavity,
and L is the total length of the cavity. We assume that the cavity is perfectly
tuned and consider the diffusion dominated photorefractive effect only.

Under the mean-field approximation [4] where yL — 0, T — 0, while the
ratios £ = -’&I-’- and u = ﬂz"_'_—’c% remain constants, the above equations can be

written as
dz, dr T y*L ,
7 ——L+c’At{§xl_ 2 Y } ®)
dz, cr T ~L
F__——_L+c’At{522+T } ©)
dy qzi + T2
= = —y+ , 10
# = VT T g gl 4P (10)
where
Ax(L) A3(0) . Lo,
= - T c— = = — t = -,
I Al,xz A4’y G,9I4 u

We can find the steady-state solutions and examine their stabilities through linear
stability analysis. In steady state, besides the trivial solution for all the effective
coupling £ and beam ratio ¢, we find that when ¢ > 1 and ¢ > ¢y = é—i—'}-, there

exists an non-trivial solution |z§*|* = |z§*|* = i(%_g&’l, which corresponds
to the bidirectional oscillation in the resonator. The results of linear stability
analysis of above solutions are illustrated in Fig 2. When £ < 3, the ring resonator
exhibits stable steady-state which depends on the beam ratio ¢, i.e when q > g
(and £ > 1), stable bidirectional oscillation builds up in the ring, when ¢ < g,
cavity ceases to oscillate. However when £ > 3, there always exists a region
near ¢, in which both trivial and non-trivial solutions are unstable. Beyond this
region, stable oscillation can again be maintained. Within the unstable region,
cavity outputs flip flop between zero and the oscillation state and are sensitive
to any minor disturbances. Since the transitions from stable state to instability
occur via saddle bifurcations, no self-pulsation or other instability are expected.
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Experimental study was conducted in the setup as shown in Fig. 3. A single-
domain BaT:03 was placed in the ring cavity and pumped by two counter-
propagating beams, one of which was frequency shifted 140 M Hz by an A-O
modulator to prevent the formation of reflection grating. Without beam 4, the
ring resonator oscillated unidirectionally at the stable single-transverse mode.
Adding beam 4, hidirectional oscillations were monitored by two power meters,
one at each side of the output beam splitter. The oscillation outputs with respect
to various beam ratios are shown in Fig. 4. Near the lower threshold beam
ratio, oscillations became unstable. The cavity remained oscillating for a short
while, ceased to oscillate quickly and kept alternating between these two states.
Oscillations beyond this region were again stable showing the distinct intensity
thresholding effect.

In summary, we have found theoretically and experimentally the instabil-
ity regions of a photorefractive bidirectional ring oscillator. This research was
supported in part by Office of Naval Research under contract N00014-91-J-1028.

1 Pochi Yeh is also a principal technical advisor at Rockwell International
Science Center
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SPATIAL STRUCTURE OF SCATTERED RADIATION IN A SELF-PUMPED

PHOTOREFRACTIVE PASSIVE RING MIRROR

Ly

S. A. Korol’kov, Yu. S. Kuz'minov', A. V. Mamaev, V. V. Shkunov
and A. A. Zozulya**

Institute for Problems in Mechanics, pr. Vernadskogo 101, Moscow

117526, USSR

* General Physics Institute, Vavilov st. 38, Moscow 117942, USSR

** P. N. Lebedev Physics Institute, Leninsky pr. 53, Moscow

117924, USSR

We present detailed experimental investigation of scattered
radiation spatial structure in the geometry of a transmission
grating photorefractive passive ring mirror (Fig.1) and compare
our results with the predictions of Ref.[1]. According to the
theory, behaviour of a ring mirror in the limit of large Fresnel
numbers is determined by two scale variation coefficients: « 1/ and
@ . Scale variation coefficient @, is the ratio of the width of
the pumping beam 4 in the plane of intersection to that of the
pumping beam 2 (see Fig.1). For Ia,ll < 1 beam 4 is narrower and

for |a | > 1 wider, than beam 2. The same with the scale

"
variation coefficient « L’ but for the direction, perpendicular to
the intersection plane. The theory gives the following
predictions:

1) To obtain phase conjugation in the geometry under consideration
the width of secondary pumping beam 4 in the interaction region in

the direction perpendicular to the intersection plane should be

92-18695
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less, than that of primary pumping beam 2: a; < 1. The relation
between the widths of pumping beams 2 and 4 in the intersection
plane may be arbitrary.
2) Quality of conjugation increases with the increase of scale
variation coefficients @, and a, but for « . = 1 higher
transverse modes may be excited along with the main one due to the
closeness between their thresholds.3) For « L > 1 scattered beam is
not conjugate to the pump. Its radius of curvature in the
direction, perpendicular to the intersection plane, is given by
the theory.
4) Selection of the conjugate component for any values of « /P
o | may be achieved by rotating the cross-section of the beam,
propagating along the feedback loop, through an angle, differing
from zero or 180°.

In experiment we used a He-Ne laser (A = 0.63um) and SBN:Ce
photorefractive crystal. To change values of « 1/ and  a
separately, cylindrical optics was used. Experimental

results, presented in Figs.2-4, demonstrate full agreement with the

predictions of a three - dimensional theory [1].
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Figure céptions
1. Geometry of a passive ring mirror.
Fig.2. Structure of the backscattered beam in a far-field zone
versus « = @, = «a. The value of « increases from the left to
the right; a) - « < 1, b)and ¢) - a > 1.
Fig.3. Radius of curvature of the wave-front of the backscattered
beam in the direction, perpendicular to the intersection plane,
versus | = a, = a > 1 for two values of total feedback loop
length L: 1) L = 48cm and 2) L = 56cm. Dots - experimental, solid
lines - theoretical.
Fig.4. Structure of the backscattered beam in a far - field zone:
a)a_L =q =a= 1.5 ;b)a” ==0.6,a_|_ = l.5;c)a”== l.S,a_L =
0.6.
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SPATIAL SOLITONS IN PHOTOREFRACTIVE MEDIA

Mordechai Segev, Amir Saa'r and Amnon Yariv
California Institute of Technology

Pasadena, CA 91125. Tel. (818) 356-4823

Light solitons in space (spatial solitons) have been under an
intensive theoretical and experimental research in the last three
decades. The solitons evolve from nonlinear changes in the
refractive index of the material, due to the light intensity
distribution. When the modulation of the index confines the light
beam in such a way that diffraction is compensated for exactly,
the beam becomes self-trapped, and is called a spatial soliton.
The nonlinear effects, which are responsible to soliton
formation, are in general Kerr-like effects, causing local index
changes proportional to the local light power. The index changes
needed for spatial solitons require high power densities, and
often exceed 1MWatt/cm2  (see ref.[1]).

We present here a new type of solitons in space, generated by
the photorefractive (PR) effect in the medium. The solitonic
waveform modulates the refractive index due to the PR effect,
compensates for the diffraction exactly, and causes the light
beam to propagate with no spatial change. This specific index
modulation is introduced by interference gratings between the
pairs of the spatial components ( which compose the light beam),
that are translated into phase gratings by the PR effect. Since
the efficiency of this effect is independent of absolute light
intensity, our solitons can be generated even at very moderate
light power densities. Moreover, the same solitonic waveform
can propagate unchanged in the medium, at very high or very
low light intensities.

The PR solitons are the steady state solutions of the nonlinear
wave equation, which describes beam propagation in PR media,
and takes into account both diffraction and mutual interaction
between each pair of spatial components of the beam. We

92-18696
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develop this equation here, in a rigorous formalism, from the
paraxial wave equation. The soliton solution occurs when the
waveform is unchanged along the direction of propagation. Full
compensation for the diffraction requires nonlinear phase
coupling between the spatial (plane wave) components, but
allows no intensity coupling, which may deform the beam and
destroy the soliton. This condition can be fulfilled by choosing a
proper material symmetry and an externally applied electric
field.

Beam propagation in a PR medium is conveniently represented
in the spatial frequency space, by the following equation:

k
@ 9492 ;) fq2 - L f(q) f If(q",2)2 Y(q,q" dq'
dz Fo Kk

where f(q,z), the spatial frequency (angular) distribution of the
beam complex amplitude A(y,z), is given by the relation:

k
2) f(q,z) = A(y,z) eiay eivk*-q?z dy
-k

where q=2Tn-:sin(a)/A, and o is the propagation angle of the

spatial component (plane wave) q, with respect to the optical
axis z.
Fo is the absolute power (Watts) , and is given by:

o0

k
3 Fy =f If(q,z)]? dq = 2nf |A(y,z)|?® dy
-k

=00

Y(q,q") is the complex coupling coefficient between the spatial

components q and q' , and PB(q) is the term responsible to the
linear diffraction and is equal to:
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@ B(q = VKEqZ - g%

In the absence of the nonlinear PR interaction, the nonlinear
term is omitted, and Eq. (1) is identical to the Fourier transform
of the paraxial wave equation, with the well known Gaussian
beam solutions.

The solitons experience no change with 1z, therefore
dA(y,z)/dz=0. It occurs when:

(5) f(q,z) = \y(q) ei'\/kz-q2 2

and for the exsistanse of a spatial soliton, from eq. (1), we
require:

6 -iL=1 | y(q"?y4,q") dq’ for all q.

Equation (6) is an integral equation, classified as Fredholm
equation of the first kind. Given the material and the
configuration, the only unknown is the spatial power spectrum

2

function V(@ ° . Since the power spectrum is a real function, a
solution can be obtained only if Y(q,q') has an imaginary part.
The symmetry properties of Eq. (6) must be considered as well,

since diffraction is a symmetrical process, and the term q? is an
even function of q.

The simplest solution to (6) , is achieved for a symmetric and
pure imaginary coupling coefficient Y(q,q'). This condition is
fulfilled if the external field Eo obeys to the relation :

(7) |Ed|<<|Eo|<<|Ep|
Where Ed is the diffusion field, and Ep is the maximum trap
field, as defined in ref [2]. At this field, the dominant transport
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mechanism for the excited charges in the conduction band of
the PR material, is drift, and the real part of 7Y(q,q") is
negligible.

We calculate the power spectrum waveform numerically. We
emphasize, that since Eq. (6) is defined for the power spectrum,
the phase of the PR soliton does not contribute , and can be
chosen arbitrarily. Moreover, any waveform with a spatial
power spectrum that satisfies Eq. (6), will propagate
unpertrubed in the PR medium, and maintain its original phase
fronts. An outcome of\this property leads to another interesting
characteristic of the PR, solitons: they do not collapse into the
solitonic waveform. The soliton should be launched properly into
the nonlinear medium,{ and periences no spatial change.
Nevertheless, the efficien of ::e\\l!ak interaction can be tuned
by changing the external electric field, to compensate for the
diffraction for a specific soliton solution W(4) . Another way of
controlling the PR solitons, is by light - using background
illumination to reduce the modulation depth of the stored index
gratings in the PR material (see ref. [3]).

In conclusion, we have introduced a new kind of spatial
solitons , which results from interaction between the nonlinear
PR effect and diffraction. This soliton demonstrates interesting
properties not shared by "conventional" solitons, such as
independence of both the absolute light power and phase.
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Image-degradation in a two-wave mixing spatial-light modulator

, \\77?' G.Notni and R.Kowarschik

4
/

Friedrich-Schiller University Jena, Faculty of Physics and
Astronomy, Institute of Applied Optics, 0 - 6900 Jena,

Max - Wien Platz 1, Germany, Tel. Jena / 82 25293

1. Introduction

Optical real-time image processing by spatial light modulators
{sLM’s) that utilize photorefractive crystals has attracted
much attention /1/. The two-wave mixing SLM is based on the
selective spatial erasure of the uniform phase volume hologram
created by the two plane coherent beams using an incoherent
image bearing beam Ium(F)resulting in an additional spatial
modulation of the refractive index distribution nl(?) (commonly
with a greater spatial period then the grating period of the
hologram). The parameters of these Bragg-type SLM’s are
strongly determined by the diffraction properties of the
nonuniform volume gratings and are analyzed here by means of
the two-wave mixing coupled-wave formalism in it’s two-

dimensional description /2/.

2. Theoretical backround

Following the standard analysis of steady state plane-wave TWM,
generalizing these equations including amplitude profiles of
the interacting finite waves Al(F). Az(?), and a refractive
index, ni(?), spatially modulated by the incoherent erasing
beam and using the asumptions of the 2D-coupled wave theory, we

get the following 2D-nonlinear coupled-wave equations

92-18697
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an an . ., AAA
s8ind LI cosé 2 i X n (F)e i¢ —Lz2z , a A =0

A 8z 1 I °

o
(1)
x

o an m . AAA
-s8ind 2. cosé 24 i X n (?)el¢ iz, a A =0

I az 1 I° 2

These are rather general equations describing completely the
TWM in the plane wave nonuniform case with arbitrary

boundaries. In a SLM ni(F) is given by

- -i¢ n3 -+

n (r) e =r -0 € (r) (2),

1 sc

4

with rO", the effective electro-optic coefficient. The spatial
dependence of the space-charge field E (F) = m (;) E
sc off sat
results from the nonunuiform erasure due to the incoherent
image, where Esm,is the value of the space-charge field for no

erasure. The modulation ratio men(?) in the material is given

by

mo(r) = (3),

1+ theLh exp((a -a. )d)
(o] tne

-
ao xo Io(r)

with ao and a“w the absorption coefficient for the coherent

and incoherent beam, respectively.

J. Numerical results

Using the 2D-Runge-Kutta method /3/ we calculated the intensity
distribution of the depleted pump (transmitted) beam It(l) and
of the amplified signal (diffracted) beam Iz(m)' The
diffraction geometry is shown in Fig.1. As an incoherent test

object we choose a binary light distribution.
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fig.3 parameters: see fig.2 and D/D°

4.

S.

/1/ Y.W.Yu, D.Psaltis, A.Marrakchi, A.R.Tanguay,Jr.,

2 1
$ ]
:' » [ Y ) 100,00
p .I W N ) h
150.00 N E
'
I N R ]
] Y " " ' N 80.00 A
] | T E T K R " \ ! R A
1 O A ] i ’i A/ i
I R R R R ] v Vi v Vs Vi
100.00 - S S B S A N N T 80.00 4 S S T T £ B
H : \_‘:\q_‘ : (9 l| vy E |52,|i i e il »
r ' ' 3 (SR T W O YR I S S S
I PO B B e E A R S A S S T |
R A Ay A E I L N 4
! :*\i:;\*.:;'\'::\: wod i oad b i hy
] 112 |} IR hy } 3 BRI AN IENIRY
5000 4 TR T RO N B 3 VIR VIRVIRVIAY
1 Vb { PV VBV
TR IRV AR '} 20.00 1 " ] i " i
i H &L‘ ‘;! [ 3 ] " :\' htl 1 N
! 3 ) h ' )" h 1
] ) : ' M X " " !
3 ] 4\ 2\ )
000 O.W-mmm
0 0.00 14 2 3 4

Main results

The amplified beam is strongly degraded showing an
asymmetric peaking in the direction of the coupling, which
is smaller for lower gain coefficients (Fod < 1.5).

A good quality (here a binary structure) appears in the

transmitted beam only for great gain coefficients (Fod > 4).
. . . o . . .
The inclination 62= S vyields to a trapezian like structure

(broadening) of each amplified beamlet with a basis width

Bv 0.76 mm which corresponds to the value B predicted by

the geometrical limit with B D cos 92 + d sin 62.

In the case of d tan§, > Do (9:61'-'62) a decrease of the con-

trast in both beams appear also for an erasure contrast of 1.

References

and R.V.

Johnson, Topics in Applied Physics Vol.62 (Springer Verlag
1989)p.275
/2/ G.Notni and R.Kowarschik, IEEE J.Quant.Electr. (accepted)

/3/ G.Notni and R.Kowarschik, J.Opt.Soc.Am. A6(1989)1682




AD-P006 710 MBS-1 / 63
AR

.f'-‘*“"}" Resolution limit of photorefractive spatial light modulators

P. Amrhein and P. Giinter

Institute of Quantum Electronics, Swiss Federal Institute of Technology, ETH-Hoénggerberg,
CH-8093 Ziirich, Switzerland (Phone: 0041 /1 /377 23 37)

The experimental set-up of our photorefractive incoherent to coherent converter 1 is
shown in figure 1. With two interfering Ar-ion-laser beams (A=514.5 nm) we write a phase
hologram into a photorefractive KNbOj3 crystal. Using anisotropic Bragg diffraction 2 we
choose the direction of the diffracted beam (A=632.8 nm) perpendicular to the crystal surface.
The input image is projected into the crystal plate anti-parallel to the diffracted beam. A short
wavelength transmitting dichroitic beam splitter is used to separate the incoherent light from

the diffracted beam. This set-up shows highest resolution 3.

Ar-ion-laser
writing beam
\ KNb03
crystal  Dichroitic beam
splitter
<<
Image projection
with incoherent light
HeNe-laser 7 Anisotropically diffracted beam
read-out beam with contrast-reversed image

Fig.1  Experimental set-up for the photorefractive incoherent to coherent
optical converter with KNbOs3. Anisotropic Bragg diffraction is used.

We estimate the theoretical resolution limit of Bragg diffraction from finite holographic
gratings. The method used consists of Fourier transform of the non-uniform photorefractive
grating and the subsequent phase-sensitive integration over all waves Bragg diffracted from

the partial (yet uniform) gratings.
2-18698
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We start with a sinusoidal phase grating (grating vector Ky parallel to z) that has
nonzero amplitude only in two next-neighboring narrow regions (pixel) with a width of 2L.
The hologram is extended to infinity in x-direction and has a thickness d in y-direction. The
two-dimensional Fourier transform of such a refractive index modulation An(y,z) is

sin (ky d/2) 2 sin (k; L)cos (2k; L)
ky kz (1)

An(ky,kz) = 2 Ag

where A is the amplitude of the refractive index change and k=(ky,k;) is the variation of the
grating vector Kg. The Fourier components An(ky,k;) describe uniform sinusoidal phase
gratings. For each grating we can apply the theory of Kogelnik 4 to get amplitude and phase
of the Bragg diffracted waves

sin( v+ §2) expl-it)
V V2 + §2 (2)

where v is proportional to An(ky,kz) and § is proportional to the deviation from the Bragg

E(ky,kz) =V

condition 8k. The total field amplitude of the diffracted wave at the end surface of the crystal
is derived by integrating over these fields multiplied with an additional phase factor ¢(k,z)
describing the wave propagation through the crystal

Egfr(z) = jf E(ky,kz) exp (_i ‘Nky»kz,z)) dky dk;
3)

The diffracted intensity pattern I(z) which can be observed experimentally is the
product I(z) = Egif(z) Egiff* (2). The integral is solved numerically for different parameters.
We define the resolution limit R in linepairs per unit length (the inverse of twice a pixel
width) as R = (4L)-1 where L follows from the condition that the diffracted intensity I(z)
between the peaks of the two pixels is lower than 50 percent of the peak values.

The phase of the diffracted waves and hence the diffracted intensity pattern depend
strongly on the crystal thickness d. Figure 2 shows R(d) for our experimental conditions. It is
straightforward to notice that the best resolution is achieved with thin crystals. This is true
also for all other (geometrical) factors limiting the resolution 3. Increasing the resolution with
thinner crystals, however, leads to a substantial decrease of diffraction efficiency.
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Fig.2  Resolution limit R as a function of crystal thickness d for KNbO3 for
anisotropic Bragg diffraction. Parameters: n/A=3.6, read-out wavelength
A=632.8 nm and diffraction efficiency n=0.01.

In our experiment we used a KNbO3 crystal plate with thickness d=0.83 mm. We
observed a maximum resolution of 35 linepairs per mm which is near to the theoretical limit.
Figure 3 shows 3 different examples of converted images. For a writing intensity of 50
mW/cm? the diffraction efficiency was =1 % and the writing time constant t=0.1 s.

Fig.3  Contrast reversed images with a resolution of 35 linepairs per mm. The
size of the crystal area used for one image is 3 x 3 mm?2.
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It is known that in KNbQ3 crystals the writing process can become faster than 1 ms
after electro-chemical reduction 3. On the other hand the large resolution allows the
construction of photorefractive spatial light modulators with 1000 x 1000 pixels within a
crystal area of less than 15 x 15 mm. KNbO3 crystals of this size can be grown easily.
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High sensitivity resonant photorefractive effect in semi-insulating CdZnTe/ZnTe
multiple quantum wells

A. Partovi, A.M. Glass, D.H. Olson, G.J. Zydzik, K.T. Short
AT&T Bell Laboratories, Murray Hill, New Jersey, 07974
(201) 582-2847

R.D. Feldman, R.F. Austin
AT&T Bell Laboratories, Holmdel, New Jersey, 07733

Although the photorefractive sensitivity ¢ the semiconductors is many orders of magnitude
larger than the oxides, their small Pockcls clectro-optic coefficient has been a serious drawback. By
taking advantage of the quadratic cffects ncar the band-cdge, nonlincarity and sensitivity of
semiconductor photorefractives can be dramatically improved. Recently, two-beam-coupling gain
coefficients of 16.3 cm-1 in GaAs {1] and 26.0 cm-1 in InP [2] have been reported near the band-edge.
Quantum confinement of excitons in multiple quantum wells (MQWs) providcs an additional
enhancement of the resonant clcctro-optic nonlinearities. We have recently demonstrated how enhanced
photorefractive sensitivity can be obtained in semi-insulting MQW devices {3]. These devices were
made scmi-insulting through ion-implantation to provide sufficient density of traps for the
photorefractive process as well as relicving the need for any pixelation.

Here we report on a II-VI MQW photorefractive device where the electric ficld is applied
perpendicular to the quantum well layers. Sensitive operation in the visible (570-613 nm) and 250
times improvement in diffraction cfficiency over previous results {3] have been achicved. This MQW
device has many advantages over bulk photorcfractive semiconductors. In this device: 1) QCSE
which is a larger nonlinearity than the Franz-Keldysh cffect or Pockels lincar electro-optic cffect, can be
used. 2) Application of a small voltage results in very large ficlds duc to the small intcrelectrode

distance (structurc thickness ~ 1 um). 3) Sincc the direction of carricr transport is perpendicular to the
grating wavevector, slowing down of device operation duc to long carricr drift lengths does not occur.

The device consists of a CdsZny_sTe MQW sample placed between diclectric layers and
transparent electrodes. These MQWs show sharp room-tecmperature exciton peaks as well as enhanced
excitonic oscillator strength and cxcitonic saturation intensitics over III-V MQWs [4]. We have

rccently shown that very large QCSE changes in the absorption coefficient (Aa ~ 7000 cm-1) are
possible in such structures [5). The diclectric layers serve as a barrier against carricr drift. This device is
similar to the Pockels Readout Optical Modulator (PROM) [6] but here, by utilizing the large excitonic
nonlincaritics of MQWs, very short interaction lengths are necessary and very high resolution can be
obtaincd. The semi-insulating MQW serves as both the photoconductor and the nonlincar media and
providcs diffraction limited resolution without necd for pixelation of the device.

The device is operated by applying an ac square-wave voltage to the clectrodes. The
diclectric rclaxation time of the scmi-insulating MQW layer is given by:

€
‘td=m ) M
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where € is the permitivity of the matcrial and o4 and op, are respectively the dark conductivity and
photoconductivity of the material. For an ac field with period shorter than the diclectric relaxation time,
Td, the carriers in the MQW structurce do not have sufficicnt time to accumulate at the diclectric barriers
and screen the applicd field. Incrcasing the incident light intensity on the structure produces carriers that
reduce td and screen the applied ficld. In this way, an intensity variation such as the variation duc 10
interference of two intersecting laser beams can be transformed to a corresponding clectric ficld
variation across the MQW layer. Through the QCSE, this modulation of the clectric ficld changes the
absorption coefficient and refractive index of the matcrial. Absorption and refractive gratings arc
thercby produced.

The change in the absorption coefficient (Aot) was measured by passing a singlc laser beam at
the exciton peak (A = 590 nm) from a cw dye laser through the device. Figure 1 shows Ax as a
function of the frequency of the applied voltage for various beam powers. With incrcased light
intensity, the necessary frequency to obtain the full QCSE increases as expected from Eq. (1). As can
be seen from Fig. 1, at a frequency such as 10 kHz, the QCSE and thereforc the absorption of the

device can be easily controlled by the incident intensity. Very large absorption changes (A ~ 3500

cm-1) can be obtained with mW of change in incident power. Since the matcrial is semi-insulating,
cross-talk between two adjacent parts is minimized and no pixelation is necessary.

To record diffraction gratings in the device, two beams of 0.5 mW power at A = 590 nm were
intersected in the sample while an ac field was applied to it. The anglc between the becams was 3.6°
resulting in an intcrference pattern with a period Ag = 9.4 pum. Illumination of the device with this
interfcrence pattern produces a corresponding nonuniform QCSE absorption change thereby creating an
absorptive grating. A corresponding rcfractive grating is also formed. This thin grating causcs sclf-
diffraction of the two laser bcams into many Raman-Nath orders. Figure 2 shows the diffraction
efficiency (ratio of first order diffracted bcam to the beam travelling dircctly through the sample) of the
device as a function of the magnjtude of a 50 KHz applicd ac voltage. The diffraction efficicncy
increases rapidly with increasing yoltage. At a voltage of only 50V, a diffraction cfficicncy of 0.2% is
obtained. Our maximum diffraclon efficiency of 0.25% is 250 times the previously obtained results
with the field applied parallel to the MQW layers {3]. This improvement is duc to the larger
nonlincarities possible in MQWs with the ficld perpendicular to the layers. Change in absorption duc to
QCSE as a function of voltage was also measurcd with a single laser beam. This data is also shown in
Fig. 2.

Figure 3 shows the-mcasured diffraction efficiency as a function of wavclength. Diffraction at
wavelengths up to 613 nm is observed. These results at long wavelengths arc duc to index gratings and
occur at a low absorption region. By using moving grating techniques to producc a phase shift between
the grating and the intensity pattern, two beam-coupling gain should be possiblc in this region. Using
the value of diffraction efficiency at 611 nm, we cstimate a gain coefficient of 2000 cm-! 1o be possible
with moving grating techniqucs.

From the values of absorption change possible in our device, we expect diffraction cfficicncics
of several percent to be possiblc in our device. We belicve our current value of 0.25% may have been
limited by lateral diffusion of accumulated carricrs at the semiconductor-diclectric interface. With
improvements in design of device structure larger diffraction cfficiencics should be possible.
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Figure 1 - Change in the absorption coefficient of the photorefractive device at A = 590 nm due to
quantum confined stark effect as a function of the frequency of the applied 60V (pcak-zcro) squarc
voltage for various incident beam powers. The beam diameter is 0.74 mm. The dcvice consists of a II-
VI MQW structure sandwiched between 1500 A Vycor dielectric layers and transparent clectrodes.
The CdxZnj.xTe MQW consists of 130 periods of 51A wells (x=0.34) and 122A barricrs (x=0)
grown on a buffer layer consisting of 1700 nm of Cdg,1Zng.9Te grown on top of 700 nm of ZnTe.
The buffer layer is designed to minimize the strain in the MQW structure.
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1.0 Introduction

The photorefractive properties of cobalt-
doping barium titanate have been recently
reported by Rytz et al. [1]. High beam
coupling gains were reported therein.
Similarly, we have grown a series of cobalt-
doped p-type barium titanate crystals,
(undoped, 17 ppm, 50 ppm and 75 ppm), that
also have relatively large beam coupling gains,
e.g. for Ella and k,lic the gain is 7.4 cm™! at
514.5 nm in the ‘fS ppm sample. We have
further characterized these crystals by
determining the sublinear dependence of the
response time on intensity, the asymmetry of
the beam coupling gain for +C-axis crystal
orientations, (i.e. electrooptic and absorptive
coupling), intensity dependence of the gain,
and light-induced dark decays. Experimental
results indicate that, as the cobalt concentration
is increased, the photorefractive character of the
crystals change from "type 8" to "type A" as
defined by Mahgerefteh and Feinberg [2].
Type A crystals have filled hole-shallow traps
and type B crystals have partially filled hole-
shallow traps and thus low and high dark
conductivity respectively.

2.0 Deep and Shallow Trap Theory

Our experimental results can be explained
with the photorefractive model of Tayebati and
Mahgerefteh [3] briefly outlined here. The
possible deep and shallow trap charge gratings,
N; and M; respectively, due to a sinusoidal
intensity modulation m, where m<<l1, are,

—eNl = -ch

(k2 + kz)
1 ng and,
Meq +s7lo/B) (k3 +k2)
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Ip is the intensity, P is the thermal excitation
rate of the shallow traps, st is the excitation
cross-section of shallow traps, and Ng and Mg
are intensity dependent effective deep and
shallow trap densities. The Debye screening
wavevector is defined as,

kg = kop +kgr, @)
where kop and kot are the deep and shallow
trap effective trap densities respectively both of
which are intensity dependent because of the
redistribution of charge between deep and
shallow levels. Absorption of light by filled
shallow-traps may result in a shallow-trap
charge-grating.

The spatial modulation of the absorption
(producing absorption gratings and a
corresponding index grating that diffracts light)
is given by,

ho(spN; —stMy), 3)
and the space-charge field,

E, = —ie/ke(N, — M,), is intensity dependent
where,

ch =

kgT k

E,=-im-E D
! 1+k7/k?,"( , @)

and the intensity dependent term has a value

between 0 and 1 where,

11,2 k2 :I
D= kip + ——
n® [ 148/t ®)
We note that as kg-->0 the space-charge field
vanishes but the absorpnon gratings remain
finite since the second terms of equations (1)
do not vanish.




In addition, this model [3] gives
expressions for sublinear photoconductivity (or
the sublinear dependence of the response time
on intensity) and light-induced dark decays of
the space-charge field.

3.0 Characterization Measurements
The effect of cobalt-doping on barium
_titanate's absorption spectrum is to induce a
"broad absorption shoulder that starts at the
band edge (~3.0 eV), extends into the visible
and dimishes in the near-infrared as shown in
Figure 1.
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Figure 1. Absorption spectra of Co-doped
BaTiOs.

Recent analysis by Mahgerefteh and
Feinberg [2], Brost and Motes [4] and Tayebati
and Mahgerefteh [3] indicate that the sublinear
dependence of the response time on intensity is
explained by a model that includes deep and
shallow traps. The response time as a function
of intensity for the series of cobalt-doped
crystals was determined by measuring the ligh.-
induced decay of the space-charge field with a
weak, diffracted, He-Ne probe beam. In
Figure 2 is a log-log plot of the inverse of the
response time as a function of intensity. Over
the intensity range measured a straight line fits
the data and indicates that the exponent of the
intensity dependence changes from x=0.57 to
x=0.90 with increasing cobalt-doping. (x=1
indicates only deep traps.)
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Figure 2. Intensity dependence of the response
time for the series of cobalt-doped BaTiOs.

One effect of shallow traps is revealed by
the intensity dependence of the space-charge
field (eqn. (4)) or beam coupling gain. Shown
in Figure 3 is the electrooptic beam coupling
gain measured for Ella and klic. The undoped
crystal has a strong intensity dependence and,
with higher cobalt-doping, gradually changes
to little or no intensity dependence.
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Figure 3. Intehsity dependence of the
electrooptic beam coupling gain.

Previous beam coupling models [e.g. 5,6]
predict gain symmetry for +C-axis orientations
of the crystal. The beam coupling gain and its
dependence on grating wavevector was
determined by measuring the effective gain in a
way which allowed us to ascertain the
contributions to beam coupling from
electrooptic and absorptive gain (7,8]. We
used a technique similar to Pierce et al. [8] but
determined the absorptive "gain” in the same
crystallographic orientation as the electrooptic
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coupling. When measuring the effective gain
light-induced absorption changes were avoided
by having the pump and signal beams
continuously illuminate the crystal. Initially the
pump beam was rapidly vibrated to make it
incoherent with the signal beam while the
signals' transmission was measured. The
vibration was then terminated making the
beams coherent and beam coupling ensued
where the effective gain is given as,
¢ _ 1.(L) _ I with Coherent Pump

°“1_(L) I, withIncoherent Pump ()

and, for an undepleted pump and small
modulation, is equal to, ‘

¥ = exp[ty ]!/ cos®

= cxp[iyw +Y abs ]Ilcose_ (6)

Where, [ is the crystal thickness and 0 is the
internal half-angle between the beams. We

note that % ¥ is the gain coefficient which is the

sum of the electrooptic gain coefficient, * Yeo,
(whose sign is dependent on the orientation of
the crystallographic C-axis and sign of the

majority charge carriers), and Y,ps the
absorptive "gain" coefficient from trap gratings
(7,8]. There is an asymmetry in the beam
coupling, i.e. +y#~Y , and we determine the
electrooptic and absorptive components of the
coupling from,

Yo = Al +|y'|)/ 2 and

Yue =0 =Y Pr2 -
(To reduce errors from physically reorienting
the crystal we simply exchange the roles of the
pump and signal beams by changing their
relative intensities with the crystal in a fixed
position, where their beam ratio is 800).

Shown in Figure 4 are the electrooptic and
absorptive gain dependence on grating
wavevector. For clarity the absorptive gain is
given only for the undoped and we note that
both the electrooptic and absorptive gain
increase with increasing cobalt concentration
but zero-crossing is found in the Co-doped
samples.

4.0 Analysis

The intensity dependence of the gain, not
predicted by previous beam coupling models

[e.g. 5.6], is evidence of deep and shallow trap
cffects as shown in Figure 3. Shallow and
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Figure 4. Electrooptic and absorptive gain

dependence on grating wavevector.

deep trap effects are especially evident in the
sublinear dependence of the response time
(x=0.57, Fig. 2) for the type B undoped crystal
(high dark conductivity). As the cobalt
concentration is increased the coefficient of the
sublinear dependence of the response time on
intensity increases and the 75 ppm sample
behaves like a "type A" crystal with low dark
conductivity. This reduction of the dark
conductivity leads to an increase in the space-
charge field strength resulting in the largest
electrooptic beam coupling gain for the 75 ppm
crystal. We note that this sample also has the
largest peak absorptive gain.

Mahgerefteh and Feinberg [2] describe the
change in the dark conductivity as due to a
filling of hole-shallow-traps with electrons and
thus there is very little hole photoexcitation or
thermal ionization into or out of the shallow
traps in a type A crystal. By analogy with
reference [2] cobalt doping must fill the
shallow levels with electrons. This implies that
increases in absorptive gain with increasing
cobalt concentration must arise from light-
induced changes in the charge distribution
within the deep levels and not from charge
redistribution between deep and shallow levels.

The influence of shallow traps on the
photorefractive properties of barium titanate can
also be examined, as proposed by Tayebati and
Mahgerefteh [3], using light-induced dark
decays. This experiment was performed to
determine the magnitude of erasure of the deep
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trap gratings from shallow trap thermal
ionization. Shown in Figure 5 is the
normalized diffraction efficiency as a function
of time, before and after the grating writing
beams were shuttered off, for the series of Co-
doped crystals.
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Figure 5. Light-induced dark decays of
BaTiO;:Co.

Qualitatively, it is apparent from Figure 5
that the dark decay of the space-charge field
decreases with increased cobalt-doping. That
is, the thermalization of charge from shallow
traps, leading to the erasure of the deep-charge-
grating, is greatest in the undoped sample and
least in the 75 ppm Co-doped crystal. This
result is consistent with the model of
Mahgerefteh and Feinberg [2] where electron
filled hole-shallow-traps of the type A crystal,
(the filling apparently increases with increasing
cobalt doping), would not participate in the
light-induced dark decay. However, it also
possible that the deep-trap-density is increasing
proportionately greater than the shallow-trap-
density, as evidenced by the increase in
absorption coefficient at the exciting
wavelength and diminishes at longer
wavelengths (see Fig. 1), leading to a relatively
smaller dark decay in the space-charge field.

Electron paramagnetic resonance (EPR)
data and analysis by Rytz et al. [1] indicates
that cobalt forms a complex with an oxygen
vacancy, Co3*-V,, which have deep levels in
the band, at 2-2.3 eV (620-540 nm). If oxygen
vacancies are responsible for shallow-hole-
traps then the addition of cobalt causes the
simultaneous reduction in the shallow-trap
population with the recompense of the creation

MC2-4 / 75

of deep levels. We find that the total effective
trap density is an increasing function of cobalt-
doping as shown in the following table:

Sample ) Ik (um') | Ny (em™)
undoped | 0.38 17.2 6.4x10'*
17 ppm | 0.51 17.6 6.67x10'*
S0oppm | 0.56 23.1 1.15x 107
7Sppm | 0.63 | 30.6 2.02x 107

Table 1. Intensity dependent factor mM(I),
Debye screening wavevector ko and total
effective trap density Nr.

Further experiments, e.g. light-induced dark
decays as a function of writing intensity, are
being conducted to quantify the deep and
shallow trap population as a function of cobalt
concentration.

Since the absorption increases substantially
with increasing cobalt concentrations and
exceeds the gain for our 75 ppm crystal,
additions of cobalt have limited usefulness
when accessing only the r)3 electrooptic
coefficient but should lead to a substantal
increase in the gain for a 45°-cut crystal.
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The photorefractive effect has now been identified and studied in many
semi-insulating III-V compound semiconductors [1]. In general, it can be
well described by a Single Defect Model (SDM) with one or two types of
charge carriers. However, discrepancies arise between theory and the
experimental results due to the presence of additional defects. In
understanding the role of multiple deep defects in the photorefractive
effect, temperature plays a key role. Each different defect has a specific
energy position within the bandgap of the material. Thermal emission of
carriers trapped at defect sites is a strong (exponential) function of defect
energy and the sample temperature. The thermal relaxation of
nonequilibrium defect occupancies, and the subsequent effect on the
photorefractive effect, can be studied by monitoring the two-wave mixing
(2WM) gain and four-wave mixing (4WM) diffraction efficiency as
functions of temperature, providing a natural tool to characterize the
material. We find that multiple defect levels in InP:Fe lead to dramatic
changes in the photorefractive behavior. Reduced gain reported at room
temperature can be shown to arise from an additional defect in InP other
than isolated Fe.

We have performed 2WM and 4WM experiments on InP:Fe samples as
functions of temperature and applied DC field. The pump laser is a
Nd:YAG with an emission wavelength of 1.06 microns. The index grating is
formed by two coherent beams interfering inside the semi-insulating
sample. In 2WM experiments, the signal beam amplification after its
interaction with nonlinear medium, is experimentally characterized by the
measurement of Y0, defined as :

- Is(Withpump) _ rp
Is (Without pump)

Y0

(assuming no pump decpletion), where I' is the beam coupling coefficient
and L is the interaction length, which is 8 mm for our sample. In 4WM
experiments the index grating is probed by a third laser beam originating
from a second YAG:Nd laser with a wavelength of 1.32 microns. The

—
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magnitude of the holographic grating is measured as the diffracted
intensity of the probe beam. The thermal measurements were obtained by
placing the sample in a Janis Supervaritemp cryostat. The grating spacing
in the material for these experiments was 4.5 microns.
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Fig. 1 The 2WM gain as a function of temperature for InP:Fe. A fit to

experimental data predicts an additional electron trap with a binding
energy of 300 meV.

The photorefractive gain measured as a function of temperature for InP:Fe
is shown in Fig(l). At room temperature, the photorefractive effect is
dominated by electrons [2], and the gain is positive. As the sample is
cooled down, thc gain starts to decrease and becomes negative below 225
K, indicating a change in the direction of energy coupling between the two
laser beams and establishing holes as the dominant photocarriers at low
temperature. This behavior cannot be explained based on the SDM because
in this model the occupation of the iron level, Npe- = Ngg - N5g, where Nggq,
Nsa refer to shallow donors and acceptors concentrations, does not change
with temperature. The solid curve in Fig(1) is the predicted gain based on
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the SDM and obtained by numerically solving the photorefractive rate
equations for the experimental conditions described above. It is obvious,
therefore, that more than one defect level is participating in the
photorefractive effect. In order to explain this discrepancy, we assumed
that a shallower electron trap occurs in the material with a binding energy
of 300 meV. In this Two Defect Model (TDM), it is easy to understand the
change in the sign of the dominant photocarriers and the direction of
energy coupling with temperature, because the non-equilibrium
occupation of the electron trap can change significantly with temperature.
An excellent fit to the experimental data obtained by numerically solving
the photorefractive rate equations in the TDM with simultaneous charge
transport by electrons and holes [3], is also shown in Fig(1l). We used
standard parameters in the fit [4].
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Fig. 2 Diffraction efficiency as a function of temperature. The two
solid curves represent predicted diffraction efficiencies from SDM
and TDM.

The temperature dependance of the diffraction efficiency is shown in
Fig(2). The pump beam power was 45 mW/cmZ2 and the probe beam was
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sufficiently small so that no erasure of the diffraction grating occurred
during read-out. The diffraction efficiency exhibits a marked temperature
dependance, with a peak at aboutl70 K . At about 225 K the diffracted
signal is completely quenched because of the cancellation of the index
grating due to equal contributions from electrons and holes. This is
consistent with 2WM data. The diffraction efficiency goes through another
smaller peak before it drops off again at high temperature due to dielectric
relaxation. This behavior is in sharp disagreement with the prediction trom
the SDM. The results of SDM and TDM are compared with experimental
data in Fig(2). An excellent fit to the data is obtained from TDM for exactly
the same parameters that were used for 2WM data. The drop off of the
diffraction efficiency at low temperature is due to the non-equilibrium
screening of the photorefractive effect [5].

In conclusion, we have demonstrated that multiple defect levels can
lead to dramatic effects, altering the photorefractive behavior to such an
extent that the direction of beam coupling can change sign. When
measurements are made only at room temperature, it is not possible to
isolate the effects from additional defect levels in the material.
Temperature-dependent photorefractive measurements provide a wealth
of information on the material, and can explain room temperature
experimental results. In particular, the reduced gains reported in InP:Fe at
room temperature are likely due to multiple defects.
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Absorption gratings can cause significant beam coupling in photorefractive crystals;1.2 in the
case of BaTiO3, we found gains as large as 1 cm-1.3 This coupling is caused by the variation in
absorption created by the spatially periodic distribution of empty and full trap sites throughout the
crystal and it requires only one active level. There is also evidence that there are two or more photo-
active levels in BaTiO3, as well as in other photorefractive crystals. In BaTiOs3, these extra levels
explain the sublinear intensity dependence of the photoconductivity,4- as well as light-induced

absorption.6.7 Here we study the effects that multiple photo-active levels have on absorption
grating coupling. We derive expressions for the two-beam absorption coupling gain vs. the
magnitude of the grating wavevector k,and show that it does not vanish as k, tends to zero, in
contrast to the single photo-active level case. This effect is verified experimentally and is used to

evaluate the donor-to-acceptor density ratio in a BaTiO3 crystal.
The extension of the band conduction model to include an arbitrary number of trap levels is

straightforward: a rate equation is added for each new active level, and Gauss’s law and the
continuity equation are modified appropriately to account for these new trap sites. Consider the

case of two-beam coupling due to absorption gratings. In the steady-state, for low modulation
single charge-carrier type, and with a negligible photogalvanic effect, the intensity of the weak beam

will grow (or decrease, according to the particular crystal) exponentially with distance. The gain
per unit length y,,.(k,,I) is a complicated function of the optical intensity I ; nevertheless, for a

given intensity the dependence on k, takes a remarkably simple form,

2

T (g /o (D) +¢m| "
T

4]

Yabs(likg) -

~ ~ 2 . . . .
where the term |e1 . e;| is the dot product of the polarizations of the beams. The term containing

k? in the numerator of Eq. (1) arises from the diffusion of mobile charge carriers. T, (/) isa
function of the densities of the different photo-active levels, their recombination, optical and thermal
excitation rates, and the difference of the optical cross-sections for trap sites that are full or empty
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The term ky () is the effective inverse screening length. For the special case of a single active level
it is independent of the optical intensity, but the inclusion of more than one level makes it intensity
dependent. Its definition is found in Ref (8) .

The coupling also includes an “offset” term ®([), which is the absorption grating coupling
that prevails when k, is made arbitrarily small. It is caused by holes that are excited from one trap
site level and recombine into another without migrating. Since this charge transfer process does not

rely on diffusion it is not proportional to k:. If there is only a single active level the term &(7)

cannot appear. This offset is the grating analog of the bulk light-induced absorption.5:7 The
possibility of this term was first suggested by Tayebati? and also by Knyaz'kov and Lobanov!0 for
the special case of two active levels.

We measured the two-beam absorption grating coupling in BaTiO3 using a geometry where
the electro-optic coupling is zero. This was accomplished by aligning the crystal’s c-axis
perpendicular to the grating wavevector, and by polarizing both beams in the plane of incidence.
Details of the experimental procedure are given in Ref (3). Fig. 1 shows the two-beam coupling
gain per unit length 7,,.in a BaTiO3 crystal (“Free”). Here we fixed the wavelength at A = 488 nm
and varied the crossing angle between the two optical beams. The solid lines in Fig. 1 are fits to
Eq.(1). Itis clear that the coupling strength does not approach zero in the vicinity of k, =0 as it

would in the single-level model; furthermore, the coupling is seen to flip from gain to depletion.
Fig. 2 shows the absorption grating gain in the same crystal at 3 different wavelengths. In all cases
the gain changes similarly with intensity, but the size of ®(I)decreases with increasing wavelength.
At A =515 nm, &(J)is so small that we missed it in our previous work.3

In order to compare the intensity dependence of the offset &(7) to our theoretical model, we
must choose the number of active levels. The simplest case is to assume only one active donor level
and one active acceptor level. We also assume only hole conduction and we ignore thermal
excitation from the deep donor level but not from the shallow acceptor level. Even with these
approximations there are four free parameters, which forced us to acquire a large number of data
points over a wide range of intensity in order to make a meaningful theoretical fit. We measured the
absorption grating two-beam coupling gain coefficient at A = 488 nm in the "Free" crystal at a very
small crossing angle (half-internal crossing angle 6, =0.16°); at this small angle the offset ®(/)
dominates the coupling. Figure 3 shows this data and the theoretical curve fit. The fitted
parameters are N,/Np=0.97+0.02, I =0.95+0.06 W / cm?, ¥,5p/7pss=0.031%0.006, and

Np(Aop—Ac,)=-6.2+0.5 cm™, where N, and N, are the densities of the acceptor and donor
sites, /- is the intensity at which the optical and thermal hole excitation from the acceptor level are

equal, s, Sp, ¥4, ¥p are the optical excitation and recombination coefficients from the acceptor and
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donor levels, and Ao, and Ao, are the differences of cross-sections between empty and full donor
and acceptor sites. Note that our crystal is almost perfectly compensated: N, = Nj,.

The same set of parameters must also describe the bulk light-induced absorption for the two-
active level model described above. Fig. 4 shows the absorption of a weak probe beam vs. the
intensity of an incoherent pump beam, and the solid line is the theoretical fit to the two-level model.
The values of the fitting parameters agree very well with those obtained with the measurement of
&(I): Ny/Np=0.96+0.02, I =0.73+0.06 W/cm?, y,sp/¥psa= 0.033£0.007, and
Np(Aop-Aoc,)=-7.6£0.7 cm™!

The effects of the absorption grating offset also appear in electro-optic measurements. We
checked this by aligning the c-axis of the crystal parallel to the grating wavevector and by polarizing
the beams in the plane of incidence. The observed coupling is the sum of the electro-optic and the
absorption grating couplings 7¥,,and ¥, which for small values of k,is given by

y = Yeo + Yabs = const. X kg +O. (2)

Figure 5 shows two sets of data taken in "Free" at A = 488 nm and A =458 nm. The solid
lines are linear fits to Eq. (2). The values of the ® obtained from these fits agree with those
obtained from the absorption grating data.

In conclusion, we predict that for a single type of charge carrier the absorption grating
coupling vs. k, is always of the form of Eq. (1), regardless of the number of photo-active levels.

The "offset" of this coupling, ®, is due to the diffusionless redistribution of charge among the
different photo-active levels and is the grating analog to bulk light-induced absorption. By
measuring the intensity dependence of this offset and by assuming a two-photo-active level model
we were able to determine important parameters in a BaTiOs3 crystal, such as the the ratio of donors
to acceptors.
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Fig. 1. Absorption grating gain per unit length vs. crossing angle at different intensities.
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We use a novel, nondegenerate, polarization-sensitive, transient-grating technique! to monitor
the picosecond dynamics of the photorefractive effect in undoped CdTe and InP:Fe at 960 nm. The
technique circumvents the limited temporal resolution of the two-beam coupling geometry by using a
time-delayed third probe pulse (with a duration of <5 psec) to read the gratings written in the
semiconductor. The technique also exploits the crystal symmetry of zincblende semiconductors by
using an optically induced anisotropy in the crystal index of refraction? to separate the
photorefractive gratings from the stronger, co-existing instantaneous bound-electronic and free-
carrier gratings. In both semiconductors, the photorefractive effect is associated with the Dember
field between mobile electron-hole pairs, in contrast to the more conventional photorefractive space-
charge field connected with the separation of a mobile carriers species from a stationary, but
oppositely charged, mid-gap state. In the undoped CdTe sample, which possesses no optically-active
mid-gap levels, the electron-hole pairs are produced by two-photon absorption of 1.3 eV photons
across the 1.44 eV band-gap of the semiconductor. The resultant ~1 eV excess carrier energy, which
allows hot carrier transport to dominate the initial formation of the space-charge field, causes up to
an order of magnitude enhancement in the photorefractive effect on picosecond timescales. After the
carriers have cooled and the initial overshoot in the space-charge field has decayed, the
photorefractive effect is observed to decay as the Dember field is destroyed by ambipolar diffusion of
the electron-hole pairs across the grating period. In InP:Fe on the other hand, the electron-hole pairs
are produced predominantly by direct single-photon band-to-band absorption into the band-t.il of
the semiconductor (band-gap ~1.35 eV), since the iron dopant only dominates the linear absorption at
longer wavelengths. This means that the carriers are generated with little excess energy.
Consequently, no hot carrier enhancement of the photorefractive effect was observed, and once
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formed, the Dember space-charge field decayed directly by ambipolar diffusion.

Read b Photodiode ~

f Delay
l_____ ‘Analyzer
NN

Figure 1
Experimental configuration.

(001) (170)

The transient-grating technique!, which is illustrated schematicaily in Fig. 1, has the advantage
over the more conventional counter-propagating four-wave mixing geometry in that it maintains a
high temporal resolution (<5 ps) with a background-free diffracted signal over long interaction
lengths. The gratings were written by two s-polarized, I ps pulses at 960 nm generated by a
synchronously amplified Styryl 13 dye laser system. A fraction of the 960 nm radiation was Raman
shifted in benzene to produce a <5 ps, s-polarized 1.06 pm "readout” pulse, which was phase-matched
to the 1.7 um grating period written in the semiconductor. With semiconductor samples oriented as
shown in Fig. 1, the signal diffracted from the photorefractive grating, which is p-polarized, was
isolated from the s-polarized signal diffracted from the non-photorefractive (bound-electronic and
free-carrier) gratings by placing an analyzer in the diffracted readout path. The photorefractive
nature of the p-polarized diffracted signal was confirmed by showing that, as expected, this
component of the diffracted signal disappeared when the sample was rotated by 90° so that the (001)
crystallographic axis was parallel to the grating wavevector2.

The measured diffraction efficiency of the photorefractive grating as a function of probe delay
is shown in Fig. 2 for both InP:Fe and undoped CdTe at a writing fluence of ~2 mJ/cm2. Both
results show an initial rise that roughly follows the accumulation of carriers during the
photoexcitation process. In addition, in both cases we attribute the final decay of the photorefractive
grating to a destruction of the Dember space-charge field by ambipolar diffusion at the lattice
temperature, since we have shown that this decay rate is the same as that of the electron-hole free-
carrier grating. The CdTe results, however, show an additional transient feature immediately
following the carrier generation, which represents up to an order of magnitude enhancement in the
photorefractive effect over that associated with the Dember field at the lattice temperature. We
attribute this initial peak in the photorefractive response to an “overshoot” in the Dember space charge
field while the carriers are hot. As the carriers cool, the space-charge field "recovers” by decaying to
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the value required for the ambipolar decay of the Dember field at the lattice temperature. Figure 3
shows that the decay of the overshoot in the Dember field is a strong function of the writing fluence
- being of the order of (or shorter than) our temporal resolution at fluences >1 mJ/cm2, while

approaching the final ambipolar decay rate for fluences less than ~0.2 mJ/cm2. We emphasize that
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we do not observe a similar transient feature in the photorefractive response of InP:Fe at any writing
fluence.

The transient overshoot in the space-charge field E;c can be understood by considering the
effect that the excess carrier temperature has on the mobilities and diffusivities (and hence transport
dynamics) of thermalized hot carriers. The magnitude of Eg. is determined by competition between
the drift (euj n; E;c) and the diffusion currents (eDj an) for the electrons (j = ) and holes (j = p),
where n; is the carrier density. True ambipolar transport, where the two carrier species move
together, is established by the exact balance of these four currents. The diffusion coefficients Dj and
mobilities Bj are related by the Einstein relationship: B; kp Tj = eDj, where Tj is the carrier (not the
lattice) temperature and kg is Boltzmann’s constant. Consequently, at elevated carrier temperatures,
the diffusion coefficient increases in magnitude relative to the mobility. Thus initially, the diffusion
current dominates the drift current until, in response, an anomalously large space-charge field
developes in an effort to balance the enhanced diffusion current. As the carriers cool (~ ps), the
diffusion coefficient (and diffusion current) decreases in magnitude relative to the mobility (and drift
current), so that the Dember space-charge field is reduced to its room temperature value in order to
restore the current balance required for ambipolar diffusion. This recovery time, however, is limited
by the dielectric relaxation time 74; = ¢/(eugna ), Where ¢ is the permittivity of the medium. Thus, if
rdi is less than the carrier cooling time 7., the "hot" space-charge field will decay initially in a time
rc. Alternatively, if 74; is greater than 7., then the overshoot in the Dember field will decay with a
time constant given by 74;. Consequently, as observed with the undoped CdTe sample (Fig. 3), the
decay of the transient enhanced photorefractive response is expected to be fluence dependent since
the dielectric relaxation time rq; is a function of the generated carrier density n;.

We emphasize that we also observe similar hot carrier enhancements of the photorefractive
responses of GaAs:EL2 and CdTe:V, because in these semiconductors, at a wavelength of ~1 um, the
carriers are generated with significant excess energy both from the mid-gap states and by two-photon

absorption.
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Noise reduction techniques in photorefractive amplifiers are centrally important
for numerous applications in image processing, pattern recognition and detection
of ultra-low optical wavetronts. Recently original techniques for reducing the
optical noise were proposed and experimentally demonstrated(1-3). Rotating the
crystal is a very general method which successfully removes the amplified
scattered noise and the multiple interface parasite reflections. In this paper, we
propose an alternative for which no mechanical movement is required. As will
detailed in the following, this new noise reduction method is mostly suited to
photorefractive materials which exhibit a strong resonance of the two-wave
mixing gain around the optimum angle between the injected signal and the pump
beam.

The principle of noise reduction is based on the observation that a large
contribution ot the beam fanning originates from optical oscillations between the
crystal faces. These oscillations build up, because the exponential gain coefficient
' is large enough to overcome the bulk absorption and interface reflection

losses(4), The condition for these oscillations can be written as T > I'y,, where

rm=2(a__LO_gR_ H

Iy is the two beam coupling threshold exponential gain coefficient, o is the

crystal absorption, R is the reflection coefficient on the crystal interface is and !
is the interaction length. Typical values for the above parameters in materials
such as BSO, GaAs anc BaTiO3 in their optimum gain configurations are TI' ~ 8-

20cm-1, a~1cm-1, R=02and !/ = 1 cm. In such conditions the oscillation

threshold is easily attained (I'y, ~ 5§ cm-1 with the above data) and numerous

oscillations modes build-up between the crystal faces. The principle of noise
reduction in bandpass-type photorefractive amplifiers is shown in Fig.1. The
pump beam P, and a signal §, illuminate the crystal in a two wave mixing

configuration. The crystal input face is tilted by an angle ¢ with respect to the
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pump beam. Let Ty be the exponential gain coefficient associated to the interaction

beiween the pump beam and the interface oscillating modes around the angular

direction ¢. Then the oscillations are not allowed to build up if Ty < Ty On the

other hand, the angle 6 between the pump beam and the injected signal beam is
chosen for maximum two beam coupling gain. In other words, high signal-to-
noise ratios are expected when the two following conditions are met
simultaneously : (i) the pump-to-signal angle belong to the bandwidth of the
amplifier while (ii)) the oscillating noise directions are rejected out of the
amplifier bandwidth. Due to its very narrow angular bandpass characteristics, we
have performed noise measurement experiments with a photorefractive BSO
crystal. The crystal aperture is 5 x S mm and the interaction length is 1 cm. An

electric field E, =9 kV/cm is applied along the (001) direction. The incident pump
beam illumination is I, = 7.5 mW/cm2 from a CW single longitudinal mode Argon-

ion laser operating at 514, 5 nm wavelength. The optical noise is measured with a
large aperture detector shown in Fig.l. Its total intensity variation as a function of
the angular position of the crystal is shown in fig.2. The lower curve corresponds
to the case where antireflection coated glass plates are bounded to the crystal with
an index matching oil (residual reflection ~ 7 9%). All the measurements are
performed with light polarized perpendicular to the applied electric field and
incident pump beam. The main characteristics that can be drawn from these
curves are twofold. First, the optical noise intensity is lower with antireflection
glass plates on the crystal. Second the optical noise drops drastically when the
crystal is strongly tilted. In addition, largest noise intensity always occurs for
slightly tilted crystals. These behaviors can be understood in terms "oscillating
noise modes” that build up between the two external crystal faces. When the
crystal is tilted or antireflection coated, the number of oscillating Fabry-Perot
modes that reach the threshold condition (I'g > 'y, ) decreases, resulting in an

overall decrease of the optical noise in the output plane. It is noticeable that
maximum of noise occurs for ¢ = 1°. This value is close to the optimum signal-to-
pump angle 8 ~ 1° tb:t produces high gain in two-beam coupling with BSO. A 6° tilt
is sufficient to suppress most of the noise at the output. Similar experiments

performed with tilted BaTiO3 were not successful with respect to reducing the
optical noise. This correlated well with the large acceptance angle of BaTiOj3

amplifiers that enables off-axis oscillating noise modes to build-up in the
crystal.In addition, the large gain of our crystal (' > 15cm-1) may also produce
beam fanning without the need of any feedback effect, i.e., with a single pass
amplification of scattered light.
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To demonstrate low-noise amplification of very weak signals carrying spatial
information, a test object slide is inserted across the signal beam path in a nearly
degenerate two-beam coupling configuration (moving grating recording). To
improve the homogeneity across the amplified image, a diffusing screen is placed
in front of the test slide. The resulting intensity at the entrancc face of the crystal
is Iy = 35 nW (fig.3a). The photorefractive BSO crystal is sandwiched between the

two AR coated glass plates. Finally, the pump-to-signal angle is adjusted for
maximuin coupling (6 = 2°) and an electric field E;, = 8.4kV/cm is applied to the

crystal. For untilted crystal, the amplified image is buried in a strong background
noise (Fig.3b). The crystal is then. tilted with ¢ = 5° . In addition to a tilt in the
horizontal direction, a tilt in the vertical direction (¢' = 9.5°) further improves the
signal-to noise ratio. Fig.3c shows the amplified image. Thc measured input-output
gain is about 30 and all the background noise has been removed.

The amplification of ultra-weak signals is a straight!,rward application of this
noise reduction technique. We will present the detection of optical wavefronts in
the picowatt range.
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Fig. 2: Noise power in photorefractive BSO
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When photorefractive materials are included as elements in image and signal processing systems,
the dynamic range of the photorefractive element has a significant impact on the overall
performance of the system. Evaluating the limits on this dynamic range is of particular
importance if we hope to provide a realistic comparison of photorefractive devices such as spatial
light modulators 12 or integrating correlators 3 with similar devices based on competing
opto-electronic technologies. We must thus determine the range of signal beam intensities which
‘may be used to write a holographic grating with a reference beam of some fixed intensity, or in
other words, the maximum beam ratio that will cause a detectable refractive index grating to be
written within the photorefractive material.

Before beginning our description of the noise sources affecting the performance of photorefractive
devices, we must clarify what we mean by "noise". In most common photorefractive holograms
the limit on achievable dynamic range is due to deterministic sources of light obscuring the signal.
The most predominant among these is scattering from defects both on the surface and within the
volume of the photorefractive crystal. In particular, in materials with high two beam coupling
gain the amplification of such scattered light resulting in beam fanning severely restricts the
observability of weak holograms written in the material 4. The effects of such deterministic
"noise" sources can be reduced, however, by using (or developing) relatively defect-free materials
and through various lock-in detection techniques. Even if such methods are used and these sources
of signal bias are completely removed, however, there exist fundamental limits on the
observability of weak holograms in photorefractives due to the statistics of the material itself and
of the light used to write the grating. The determination of these fundamental limits is the goal of
this paper. While an accurate estimate of these limits requires a detailed analysis of the various
noise processes operating in the material, we will describe these processes here in a non-rigorous
fashion to show the regimes in which they become significant. We have carried out a rigorous
probabilistic analysis of these processes elsewhere, but the essential results thus obtained are
equivalent to those presented here.

Assuming our hologram is written using a reference beam of some fixed intensity Ir and a much
weaker signal beam of intensity Ig << I, two effects become increasingly noticeable as Ig is
decreased. First, since the modulation depth of the interference pattern,

m= 2(IRIs)12/(IR+1g) = 2(Is/Ig)172 1)

is decreased the amplitude of the space charge field within the material is decreased proportionally.
When this amplitude is so small that the variation in charge over a grating period approaches e, the
charge of a single carrier, clearly the continuum model of charge build-up used in the standard
photorefractive band transport model 5 is inaccurate. When this reg‘me of operation is reached,
statistical fluctuations in the locations of charge trapping centers cause commensurate fluctuations
in the space charge field. In particular we find that these fluctuations result in noise of comparable
magnitude to the output signal diffracted from a photorefractive hologram when the ratio between
the signal and reference intensities reaches a value of
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Ig/Ig = m2/4 ~ (NA V)1 2

1 where N is the effective trap density in the photorefractive material and V is the volume of the
grating being read. The minimum detectable beam ratio is thus expressed as a function of the total
number of charge trapping sites present in the grating volume.

In addition to the effects of charge discretization, another noise source becomes significant in the
regime of weak grating modulation. When the modulation depth is reduced sufficiently so that the
number of photons from the signal beam arriving at the photorefractive crystal during the time
required for holographic recording is small, statistical fluctuations in this intensity will affect the
recording process. Specifically, photon noise of this sort will overwhelm the diffracted output
signal when the total number of signal photons arriving at the crystal during a recording time
approaches unity, or

IsAt/hv ~1 3

where A is the cross-sectional area of the grating, 1 the photorefractive recording time and hv the
photon energy. We note, however, that the recording time may be expressed as 6:

T=1Tgi X f (4a)

where f is a dimensionless factor dependent on the charge transport properties of the material, but
close to unity when the characteristic electric fields within the material due to drift and diffusion
are small. Here 14; is the material's dielectric relaxation time given by :

14 =hv e WA/ (4x pe alp) (4b)

where €, it and « are the dielectric constant, mobility and optical absorption of the material,
respectively, v is the charge carrier recombination coefficient and I = IR is the total optical
intensity.

Combining these results we may thus re-express (3) as:
Is/lp ~ 4npe/(eyf NoV) &)

which expresses the minimum writing beam ratio as a material dependent parameter divided by the
total number of trap sites in the grating volume - and is in fact equivalent to the result given in (2)
above apart from the dimensionless leading factor, 4n pe / (€yf). Thus depending on the value of
this leading factor, either the fluctuations in the signal intensity or the charge density will provide
the limiting noise source.

In particular, we find that in materials such as BSO with relatively long recombination times, this
leading factor is correspondingly large and expression (5) above provides the operating limit.
Conversely, materials such as BaTiO3 with very rapid recombination times are dominated by
charge discretization noise and operate under the limit given in (2). Using expression (2) we thus
find that for materials such as BaTiO3 we may expect a minimum detectable beam ratio as low as
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10-16 if a full 1 cm3 grating volume is used, but only 10-13 - 10-14 if unexpanded beams (resulting
in a reduced grating volume) are used. In practice, however, experimental conditions must be
very carefully controlled if gratings written with such extreme beam ratios are to be detected.

In attempting to find the minimum detectable beam ratio experimentally one must eliminate all
sources of stray light normally regarded as noise. Specifically, specular reflection from crystal
edges must be avoided by routing all beams through the central portion of the material. Similarly,
the fluctuation limited performance we describe can only be achieved if relatively defect-free
crystals are used to minimize scattering from the material. In a related requirement, amplified
scattering due to photorefractive beam fanning must be minimized. This in turn requires that the
writing beams be polarized in an orientation reducing the effective electro-optic coefficient (and
hence the photorefractive two-beam coupling gain) to a minimum.

In addition to these restrictions on the recording procedure, care must be taken in the process
through which the output light diffracted from the photorefractive grating is detected if low
modulation depth holograms are to be observed. In particular, the beam used to read out the
hologram should be of a wavelength only weakly absorbed by the material. This has a two-fold
advantage. First, any light scattered from the writing beams may now be blocked by placing a
band-pass filter in the diffracted output beam path. Second, a relatively intense read beam may be
used without disturbing the grating and hence Iy, the intensity of the diffracted output beam,
may substantially exceed the weak Is. Additional noise due to low intensity fluctuations in IgyT is
thus avoided. As a final requirement, to minimize the effect of scattered light, the detector into
which Iy is directed should only sample a solid angle corresponding to the diffraction limited
cone propagating from the grating aperture (i.e. on the order of A2/A where A is the

wavelength of the read beam and A is the area of the grating). Any larger detection angle
increases detected noise without appreciably increasing the signal and any smaller unduly limits the
detected output power.

These recording and detection conditions were implemented in an experimental set-up as depicted
in Fig. 1, on the following page. Here an expanded and collimated 515 nm beam from an Ar+
laser is split into two components - one of which is severely attenuated by a set of neutral density
filters. These two beams are then interfered in the center section of a photorefractive crystal
(KNbOj3 and BaTiO3 in successive trials), with both beams ordinary polarized to minimize
fanning. The resultant photorefractive grating is then probed by an unexpanded 633 nm beam
from a HeNe laser yielding an effective grating volume of about 1 mm3. The diffracted output
light is detected by a photomultiplier tube after passage through a 1 mm diameter aperture 1 m
from the crystal followed by a 633 nm bandpass filter. The signal to noise ratio is determined by
blocking and unblocking the weak pump beam and comparing the steady state signal at the
detector.

Following this procedure, the minimum beam ratio we have been able to detect is roughly
(1g/Ig) ~ 10-10 - 10-11 in both materials. Assuming that KNbO3 like BaTiO3 is charge
discretization limited,however, the theoretical minimum for the grating volume used here is on the
order of 10-13, This 2 order of magnitude discrepancy thus implies that the grating detectability
observed here is not limited by the fluctuation processes described in equations (2) and (5).
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Specifically, we believe the noise source limiting our detection is related to the low light level
reaching the detector. In our experiment the 633 nm read wavelength was chosen to reduce grating
erasure yet remain in a range to which our detectors were sensitive. Unfortunately, as both
photorefractive materials we have used remain somewhat photosensitive at this wavelength, it was
necessary to keep the read beam intensity at roughly the level of the reference, Iz. This resultingly
weak output beam intensity-IoyT thus reaches the noise limit of our photodetector before the
intrinsic photorefractive noise levels are reached. Future experiments in which more intense read
beams at near infrared wavelengths are used in conjunction with detectors sensitive in this range are
planned to circumvent this limitation. In the interim, the experimental and theoretical results we
have presented provide a good idea of the typical and ultimate limits, respectively, on the dynamic
range that may be achieved in photorefractive holographic devices.
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Abstract

We show that achromatic grating techniques can suppress beam fanning while still allowing two
beam coupling to occur.

Summary

Photorefractive beam fanning is a well known effect in which a collimated beam of light is
scattered into a broad fan as it propagates through a crystal which exhibits high two wave mixing
gain' * 2 Beam fanning can be a very strong effect, removing almost all the light from the
initial beam. It has been proposed” that the fan originates from scattering off defects in the
crystal, which then become amplified by the two beam coupling process. Beam fanning can be
beneficial, for instance, in allowing self-pumped phase conjugation®’. But it can also be an
undesirable competing nonlinear effect. For example, it may prevent high gain image amplification
by two beam coupling, by robbing the pump and signal beams of light’. In this letter, we
demonstrate that two beam coupling, using achromatic gratings, can suppress beam fanning that
would otherwise occur.

Achromatic grating techniques are used to create high visibility fringes using broadband sources®.
A diffraction grating splits a broadband beam into diffraction orders. Two orders, generally either
the +1 and -1 or 0 and 1, are allowed to pass and the others are blocked. Either achromatic lenses,
or a second grating, are used to recombine the beams. Because of the linear dispersion of the
grating, all colors produce an interference pattern of the same spacing and phase.

In previous work®, we showed that an achromatic system (using the +1 and -1 orders) with an
argon-ion laser operating on all lines could produce nearly the same two beam coupling gain as a
single line (514.5 nm) argon-ion laser of the same intensity. Using the +1 and -1 orders of the
diffraction grating produces a perfectly achromatic volume hologram, but, in order for the
achromaticity to be preserved inside the crystal, the angle between the bisector of the pump and
signal beams and the crystal surface normal must be zero®. An alternative is to use the +1 and 0
orders of the diffraction grating. This produces a pattern that is achromatic only in a plane, and
would normally not be efficient for creating volume holograms. However, Cronin-Golomb’
showed that, by rotating the crystal and grating in the plane of incidence, this lack of volume
achromaticity can be approximately compensated for by the crystal dispersion.

' G. C. Gilbreath is with the Communications Systems Technology Branch, Naval Research
Laboratory.
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If we adopt the viewpoint that beam fanning arises from scattering”, then its development is as
follows: Light from the initial beam scatters from a defect in the crystal. The scattered light

interferes with the initial beam and forms an interference pattern. The light generates carriers,
which then diffuse, creating a volume phase grating in the crystal. Both the initial beam and the
scattered beam are automatically Bragg matched to this grating. If the beam has been scattered
towards the c-axis, it will be amplified by two beam coupling. As the scattered beam grows from
noise, the fringe visibility grows, further increasing the gain from the noise-generated gratings.
Eventually, a broad fan, that consumes much of the light of the original beam, is formed.

If, however, the initial beam consists of two colors, the situation may be different. Both colors
will scatter off a defect, each creating its own Bragg grating which will be superimposed in the
crystal. The light scattered from these gratings may destructively interfere, since the grating
created by one color will not be Bragg matched to the other. If the grating formation rate of the
two colors are balanced, then neither color may succeed in diffracting light from the initial beam
into the scattered beams, and beam fanning will be suppressed. If one color does have a faster
grating formation rate, then it will fan (though more slowly), but fanning in the other color may be
suppressed.

Normally, this suppression of beam fanning would be of little practical utility, since most applications
of photorefractive materials require the creation of a volume hologram, and two multicolor beams
will not ordinarily form a hologram. The achromatic technique offers a way out of the difficulty.
Using this method a volume hologram can be created with multicolor beams®. Further, since the
conditions for creating an achromatic grating are very special, it is unlikely that they will occur
accidently upon scattering off a defect. Hence beam fanning may be suppressed, while the creation
of the desired volume hologram will not.

To test this hypothesis, we set up the experiment shown in Fig. 1. An argon-ion laser operating
on all lines was the source. Using notch filters, and variable attenuators, a beam, consisting of
488 nm and 514.5 nm light only, was created, with a controllable ratio of the two colors, and a
fixed total intensity. The laser light was then split into pump and signal beams using the achromatic
arrangement proposed by Cronin-Golomb’. The signal beam was the zeroth order of the grating
and the pump was the first order. The diffraction grating had a spacing of 5 um, and its tilt angle,
along with that of the photorefractive crystal, was 28°. The crystal, BaTiO, supplied by Sanders,
was rotated so that the projection of the K vectors of the pump and signal beams were anti-parallel
to the c-axis. The mean external half angle between the beams was 2.85°. The pump and signal
beams had equal intensities of 6 mW/cm?, diameters of 1.2 mm, and were polarized in the plane of
incidence. The interference pattern formed in the crystal had a spacing of 5 um. The dimensions
of the crystal were 5 mm x 5 mm x 7 mm.

Fig. 2 shows the effective gain of the signal beam as a function of time. All measurements were
taken by allowing both the pump and the signal beam to enter the crystal at time=0. The effective
gain is defined as the signal intensity at a given time divided by its intensity at time=0. Between
runs, the gratings in the crystal were erased by illuminating it with a Helium-Neon laser whose
beam was translated to prevent the formation of beam fanning gratings. Near the end of each run,
the pump beam was blocked. This allowed measurement of the final effective gain, and the degree
of extinction of the signal beam. When the light entering the crystal was monochromatic
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(blue:green = 0:1, Fig. 2 a) no two beam coupling gain was observed, because the extinction due
to beam fanning predominated. As the ratio of blue to green light became more nearly 1:1, Fig.
2d, the signal beam exhibited gain for a longer period of time. In the end, however, for all cases
except 1:1, beam fanning ultimately depleted the two beam coupling gain. Even in the 1:1 case, a
small amount of fanning was observed. This may be due to wavelength dependence in the grating
formation rate. When there was more blue than green, as in the 1.25:1, Fig. 2e, case, fanning
again depleted gain. The final gain coefficient, I', measured was highest for the 1:1 case, at 2.25
cm’!, indicating that fanning reduced the two beam coupling gain in other cases, in addition to
extinguishing the signal beam.

The beam fanning suppression was quite visible in the transmitted beam profiles. Fig. 3 shows the
signal beam profile for both the monochromatic and two color achromatic cases. The first photographs
show the profiles at the beginning of the run, and the second set, one minute later. In the
monochromatic case, the fanning has extinguished the left half of the beam, but in the two color
achromatic case, the beam retains its profile

A similar set of experiments was carried out in Ce:SBN:60 using the +1 and -1 orders of the
diffraction grating. Suppression of beam fanning was again found, indicating that this technique
may find general application.

In conclusion, we have demonstrated that beam fanning can be suppressed, while at the same time
allowing two beam coupling, using an achromatic grating arrangement. This technique may have
further application to the reduction of noise effects in image amplification, which may also result
from two beam coupling off of scattering defects. Achromatic gratings may also suppress other
stimulated scattering processes in photorefractive materials.
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TWO-BEAM COUPLING WITH PARTIALLY COHERENT LIGHT

Hongzhi Kong, Wiestaw Krélikowski and Mark Cronin-Golomb
Electro-optics Technology Center, Tufts University,
Medford MA 02155

Introduction

In photorefractive two-beam coupling the interference of two optical beams creates a refractive
index grating resulting in energy transfer between the two beams. In models describing this effect it is
usually assumed that both beams have perfect spatial coherence. For some applications such as achromatic
volume holography [1], multimode fiber gyroscopes and optical phase conjugation through turbulence,
spatial coherence effects may become important in the coupling process. Reduced spatial coherence leads
to lower contrast interference fringes in an interference fringe region smaller than that of the perfectly
coherent case. In recent work, we have made a quantitative study of the influence of these effects on
coupling under the assumption that the coherence properties of the interacting beams do not change during
the coupling [2]. In the present work, we include the influence that beam coupling has on spatial
coherence of the interacting beams. It is worth noting that the problem of spatial coherence in nonlinear
wave mixing has been studied earlier [3-5]. However, all of these studies referred to the case of fast Kerr
medium. Photorefractive materials are much slower and cannot follow fast changes of the phases of
interacting beams. Thus description of the mixing process will be different.

Experimental

An experiment was arranged to study the possible change of beam coherence due to the coupling.
The experimental setup used in our studies is shown in Fig.1. The laser beam from an Argon-ion laser
(A=514nm) is focused by lens L1 on a rotating disk of ground glass and the degree of coherence of the
beam is controlled by changing the spot size on the ground glass. The partially coherent beam is
collimated by lens L2 and separated by the beam splitter BS1 into a strong (pump) and a weak (signal)
beams which subsequently interfere in a photorefractive barium titanate crystal. The crystal’s orientation
ensures the energy transfer from pump to signal. The amplified signal beam is then directed into an
interferometer. The resultant interference fringes are imaged with a CCD camera and scanned with a
512x512 frame grabber with 256 gray levels. The fringe visibility is calculated from the scanned data.
The visibility of the fringes gives direct information on coherence properties of the signal beam. If the
beam were completely coherent, our arrangement would lead to a constant visibility in the fringe area.
For partial coherence, the fringe visibility is the largest in the intersection center and drops symmetrically
towards the sides [2]. With this apparatus, we were able to observe beam coherence changes due to the
coupling process.

The measurements of the visibility were performed in two cases: without coupling (pump beam
blocked) and with photorefractive coupling. The results are presented in Fig.2 where visibility of the
fringes is shown as a function of position in the interference region. Both graphs reflect typical
interference pattem of partially coherent beams. As is seen in Fig.2, we observed that 1) the coupling
may cause changes in beam coherence, 2): the change is more significant in the wings rather than in the
center and 3): the coupling tends to improve the beam coherence. The coherence properties of signal
beam changes because energy transfer is distributed throughout the entire region of interaction. Therefore,
various parts of the pump wave front contribute to the total light amplitude at every point of the signal
beam, changing its statistical properties. This in turn lead to changes in correlation between any two points

of the signal. — 187 07
\mmmm
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Model

We used very simple model without diffractive propagation effects to describe interaction of
partially coherent beams in photorefractive materials. Two optical beams (pump P and signal S) cross
inside photorefractive crystal. For simplicity, we assume that region where beams overlap is completely
inside the medium. The existence of suitable coordinate transformations means that we can also assume
without loss of generality that the beams cross at right angles (beam S propagates along x axis and beam
P along y axis). The crystal’s orientation ensures that energy transfer occurs from pump to the signal.
We represent both beams by their slowly varying amplitudes

P(xy)expi(ky-wrt)
S(x.y)expilkx-wt)

)

In the overlapping region the beams write a refractive index grating whose amplitude is proportional to
the modulation index of the interference pattern

Oxy) = )P (x.y)) = _SGEyPxy) @
PP (xy))+ SENS ) 1pxy) + Igxy)

where brackets mean time or ensemble average. The averaging reflects the statistical properties of the
beams (partial spatial coherence). The creation of the index grating in the crystal is slow compared to the
fast phase variations of the input beams. If the crystal were sufficiently fast such as Kerr medium we
could drop the averaging symbol in Eq.2. In the case of photorefractive material the averaging symbol
can be dropped only for fully coherent light beams. We assume that pump beam is much stronger than

the signal ( I; < I, ) and does not change amplitude in the interaction (also its statistical properties

remain the same). Thus we can drop signal intensity from definition of Q(x,y) (Eq.2) and arrive at the
following equation describing evolution of the signal beam:

___asg;y) = YQY)P(x) 3)

where ¥ is a coupling constant.
Integration of this equation gives an expression for the grating amplitude

- . 3 [QEIP GIPE) L/ @
Q) = Q) + ¥ { 1o
where
_ (Sgxy)P (xy) )
& - L(x.y)

represents the refractive index modulation without interaction. The averaged quantity appearing in Eq.
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(4) may be calculated from the known statistical characteristics of the pump beam using the theory of
partial coherence:

(PGP (x")) = ppxx) ©

Therefore, in the Eq.4 only function Q(x,y) is unknown. This equation may be easily solved numerically.
The resultant expression for Q may be used in the integral of Eq.3 to find the nomalized degree of
coherence of the output signal beam

(SCryS*(xy)
V(SGy)S xy) Y (Say)S (xy)

B0y = ™

We find that it is given by the following expression

(SxySe ) + 21, [QUEY)Q" By (2
B0 = — ° @)

\Jlsofyn) + 21, [ 1QUY) P10z | Iy + 2v,[ 1@y Ip0ds
0 0

where vy, is a real part of the coupling constant and I, is incident signal’s intensity.

We see that when the coupling is absent ( y, =0) Equation (8) gives a coherence function for input

signal beam. We used formula (8) to calculate the coherence function for the amplified signal beam
assuming coupling constant y¢=1.65 (¢ is interaction length) and the same Gaussian form of the
coherence functions for pump and initial signal beam. This calculation showed that the coherence of the
signal beam increased dering interaction in a way similar to that observed in the experiment.

This study was supported by National Sciences Foundation through Presidential Young
Investigator Award and by the U.S. Army Research Office, Durham, North Carolina.
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Increase of mutual coherence of iight beams

in two-wave Interaction 1n photorefractive crystals.
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Two-wave mixing allows one to change effectively intensitles,
phases, space proflles, polarizations and time evolutionof
interactingbeams (1,2]1. Wewill show, that two-wave mixingof
partially coherent beams may be used to increase degree of
coherence of these beams. The physics of the effect under
dlscussionilsas follows: two partially coherent beams writea
refraction Index grating inanonlinearmedium whose positlonand
profile arepractically stationary. Scattering of strong beamon
this grating in the direction of the weak one means that this
weak beam acquires an addition, that 1s coherent with the strong
beam, thereby Increasing degree of coherence of the beams. Similar
effects were dlscussed Inconnectionwith scatteringof aifferent
frequency components at the common running grating (3] andwith
interaction of different polarizatlion components [4,5].

In our theoretical approach we used one~dimensional
plane-wave model, describing two-wave mixingwith transmittive
grating recording. Degree of coherence of two beams for any value

of coordinate z inside the crystal along direction of their
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propagatlion ismost convenlently characterized by thelrnormalized
correlation functiond(z): ¢ =| <E,E3> |2/I1 I,
=1,2) are the amplitudes and the Intensities of these beams, <>

where EJ andId (3

means averaging over time, both beams aremoving fromz=0toz =

1. Beam Intensity ratio is characterized by parameterP(z) =

4I,1,/(1,+I1,).Let beam1 be amplified and input beam intensity

ratiobesmall: I, <<I,.Considerdependence of ¢(z) andP(z)on

coordinate, assuming, that the nonlinear couplingcoefficientI'1s

large enough. First both ¢ and P grow with coordinate. Then

Intensities of the beams at some point z, become equal P =1 and

the correlation function ¢ reaches 1ts maximum value Gy =

(1-p_(1 —cpo)]1 /2, where ¢, =¢(0), P_=P(0). Further increase of

coordinate results in the decrease of coherence function¢, that

1s , to the decrease of degree of coherence of the beams.
In experiment we used a He-Cd laser (A = 0.44mm) and a

Ce-doped SBN photorefractive crystal. Initial laser beamwas split

into two parts, that were made partially coherent by introducinga

delay Al =2.5m Inone of the beams. Initial degree of coherence

was equal to q>o =(0.24. The beams were fed 1n the crystal at an

angle 8 = 30° between them in the air. Both beams were polarized

in the plane of Intersection, optical axls of the crystal was

parallel to 1ts entrance face and l1ay in the same plane. Fig.1

presents experimental (dots) and theoretical (solid line)

dependence of coherence function ¢ on input beam intensity ratio.

Theoretical curve demonstrates good agreement with the experiment.




MC10-3 / 107

10t—= - - - -« - - == - - -

I,(0)

References
1. V. L. Vinetskii, N. V. Kukhtarev, S. G. Odulov and M. S.
Soskin, Uspekhi Flzicheskikh Nauk, 129, 113 (1979).
2. Photorefractive Materials and Their ApplicationI,II - Berlin;
Springer Verlag, 19859, 1990.
3. G. P. Dzhotyan and Yu. E. Dyakov, Vestnik MGU, Fizika 1
Astronomiya, 18, T0 (1977).
4.1.M.Bel'dyuginandE. M. Zemskov, Kvantovaya Elektronikaa,
1114 (1977).
5. G. I.KochemasovandV. Nlkolaev, Kvantovaya Elektronika4,
115 (1977).




108 / MC11-1

our-Wave Mixing Steady-State Solutions Utilising the Underlying
SUH(2) Group Symmetry

D. Fish)A. K. Powell and T. J. Hall
Physics Dept, King's College London
Strand, London WC2R 2LS

Abstract

A method of solutjon for the scalar four waye mixing equations has been known for
many years [1]. We show that these equations have an underlying symmetry in the
form of the SU(2) graup. This formulatiof identifies the conserved quantities of four
wave mixing in an obXious sense ratherhan in the ad-hoc fashion used previously.
The method also solvesthe equations iff terms of beam amplitudes rather than beam
ratios.

The main advantage of this method ig that solutions can be found in terms of three real
quantities i.e. the three Euler angles/ This means the dynamical problem can be solved
in terms of the three real quantitigs yather than four complex beam amplitudes.

The steady state solution is stif\interesting though and will be the subject of the
presentation. The solution caf bg formulated in terms of three vectors due to the
unitary and hermitian tracelesy/natute of the matrices involved. The results show that
the solutions are more complex than pxeviously thought.

[1] Mark Cronin-Golomb, Baruch Fishdr, Jeffrey O. White and Amnon Yariv, IEE J.
Quant. Elect. Vol QE-20 N6 1 12 (1984)
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Why Light Beams Follow Curved Paths in Photorefractive Phase
Conjugators
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In recent years a variety of photorefractive phase conjugators have been demonstrated
that rely on stimulated light beams.!-6 These self-pumped and mutually-pumped phase
conjugators are all closely related” and differ only in the number and angle of their input
beams. Here we propose a detailed though necessarily simplistic description of how light
beams spring up inside a photorefractive crystal, and why under some conditions these
stimulated light beams appear to follow curved paths inside the crystal. We show that these
curves are composed of a number of straight line segments which spring up by stimulated
scattering in the photorefractive crystal.

Figure 1 is a photomicrograph of stimulated beams inside a Cat conjugator.! The
stimulated beams have collapsed into narrow filaments (for reasons that will not be discussed
here). These filaments appear to follow curved paths but upon close inspection are seen to
consist of a series of straight line segments connected by disiinct bends. We show that two
separated regions inside the crystal, each having its own pair of counterpropagating waves,
can "find" each other with new light beams, provided that the total round-trip reflectivity of a
small seed wave between these regions is greater than unity. Our model predicts a sequence
of such couplings, so that the path of the filaments eventually resembles a curved trajectory.

92-18709
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Consider the double phase-conjugate mirror with a single interaction region.2 All of
the stimulated conjugators can be modeled as a sequence of such devices.” In this basic
device, two (preferably mutually incoherent) laser beams with incident optical intensities /5
and /, intersect inside the crystal as shown in Fig. 2a. The particular grating that diffracts
beam R into the phase-conjugate of beam L will also diffract beam L into the phase conjugate
of beam R, by time-reversal symmetry.2 In order for these phase conjugate beams to appear,

the nonlinear coupling coefficient ¥,/ = Iy must exceed a threshold I ,;, .2

However, slightly above this threshold, this configuration of one interaction region is
unstable against the excitation of arbitrarily weak beams scattered between the regions of the
nonlinear medium that are pumped by two counterpropagating waves, as shown in Fig. 2b.
The threshold for this instability occurs when the round-trip reflectivity of a weak seed wave
between the regions 1 and 2 in Fig. 2b exceeds unity. 8

For simplicity we will assume here that the coupling is the same in all three regions.
Figure 3 shows the calculated threshold for phase conjugation vs. the incident beam ratio
q = Iz/I; when there is only one interaction region, and also for the case in which the
system has already bifurcated once and has three interaction regions. Note that a single
interaction region will become unstable for coupling strengths only slightly larger than the
single region threshold, and so will bifurcate into three interaction regions. For example, at q

= 1, the single region threshold (no bifurcations) is at I}’ = 2, while the three-region

threshold (single bifurcation) is only slightly larger: T’ = 2.026. For even larger values of
I" the geometry of Fig. 2b may in turn undergo further bifurcation, since this configuration is
now equivalent to two simple double phase-conjugate mirrors coupled together. This process
will continue, with new beams springing up to connect new interaction regions, and so carve
out a path made of many straight-line segments that approximates a curved trajectory.

We analyze the 3-region geometry of Fig. 2b by modifying the boundary conditions
used to solve the four-wave mixing equations of Ref 8. Instead of the usual boundary

condition where the amplitude of the conjugate wave A; starts from zero, A3, =0, we let

the conjugate wave be seeded by scattered light, so that A, ;, = \/EAZ',-,,. Physically, this seed
is due to the scattering of the wave A, from crystal defects into the direction of wave A;, and

the "seeding" parameter € << 1 controls the amplitude of this scattering. These seed beams
will become especially important when the coupling strength I" becomes large, and they will
determine the asymptotic behavior of the system.




MC12-3 / 111

As the bifurcations develop, the overall transmission T of the device changes, where T
is defined as the ratio of the intensity input on one side of the crystal divided by the intensity
exiting on the other side. For the case of equal intensity input beams (q=1) the dependence of
T on the coupling strength I is shown in Fig. 4. Here the effect of the extra light path is clearly
evident: it causes the sharp jump in the transmission as I" increases above '} and the first
bifurcation appears. The appearance of this bifurcation increases the overall transmission of the
device. For any finite value of £ the diffraction efficiency of the new gratings asymptotically
approaches 1 for large coupling strength I", but the form of the approach depends critically on
the value of the seed. As I" increases, an increasing amount of light is channeled between

regions 1 and 2, so that the A-shaped pattern in Fig. 2b begins to resemble the ~ geometry of

Fig. 2c. Note that Fig. 2c can also be viewed as two mutually-pumped phase conjugators
sharing a common set of beams, and both the dynamic behavior and the stationary states of this

system have been shown to be critically dependent on the values of the seeding coefficient
9,10
e

In summary, we have presented a simple model to explain the bending of light beams in
various self-pumped and mutually-pumped phase conjugators. This model explains the curved
beam paths as a series of straight line segments that result from a sequence of couplings
between different regions inside the crystal, each pumped by counterpropagating waves.
Further, we have shown that including a small but finite amount of scattered light is crucial in
describing this self-bending. It should prove possible to obtain a more physically realistic
picture of this process by including the dependence of the coupling strength on both the
crossing angle and the orientation of the gratings inside the crystal. Also we note that there are
often a multitude of possible bifurcation paths which will compete for the available light energy,
and that the primary path of the light could oscillate between them.
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Figure 2. a) Double phase conjugate mirror.
) . . b) Bifurcation begins.
Figure 1. Photomicrograph of stimulated ¢) Bifurcation complete.

beams in a Cat conjugator.
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REFLECTION GRATING PHOTOREFRACTIVE SELF-PUMPED RING MIRROR

V.A. D’yakov*, S.A. Korol’kov, A.V. Mamaev, V.V. Shkunov
and A.A. Zozmlya

Institute for Problems in Mechanics, pr. Vernadskogo 101, Moscow,
117526, USSR

* Moscow State University, Leninskie Gory, Moscow, 119899, USSR.
** Jebedev Physics Institute, Leninsky pr. 53, Moscow, 117924,
USSR

We report on the first to our knowlege experimental
realization of a reflection grating passive ring mirror in a
photorefractive medium. The experimental arrangement is shown in
Fig.1.
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We used an argon ion laser at 488nm operating at several
longitudinal modes with the laser radiation coherence length = §

cm. A halfwave plate A/2 and the polarizer P (Glan prism) served
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to change incident power of laser radiation. After passing
through the semitransparent mirror M , the beam was focused by the
lens L ) in the photorefractive KNbOazFe crystal of the length =
6.5mm along the c-axis. The diameter of the incident beam in the
crystal was = 0.2mm. After passing through the crystal the beam
was redirected by the metal mirrors M2 - M, and again entered the
crystal from the same face, as the primary beam. The angle
between these pumping beams was about 3 degrees in the air. The
lens L, placed in the feedback loop made the diameter of this
second beam approximately equal to that of the primary onme. Both
beams were linearly polarized in the plane of their intersection.
The length of the feedback loop was about 75cm, that was less,
than the round-trip laser cavity length (= 205cm). Detectors PD .
and PD, served to monitor the power of incident and reflected
radiation correspondingly. The dynamics of the nonlinear
reflectivity ¥ of the  phase-conjugate @ (PC) mirror  under

consideration is shown in Fig.2,

R, a.u.

0r Fig.2

5.

0 10 20 t, ms

demonstrating characteristic relaxation time of several
milliseconds. Depending on the details of experiment, we were
able to realize both the case, when only one common reflection

grating was recorded and the case, when all reflection gratings
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(including 2k0 gratings between the antiparallel beams) were
operative. Nonlinear reflectivity in the first case was about 10%

and in the second case about 45%.
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Photorefractive Crystal Waveguides and their applications
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I. Introduction

Photorefractive crystal waveguide(PCW) is a novel approach
to enhance the photorefractive effects.'™* The waveguide
geometry provides a tight optical field confinement and long
interaction length of waves, resulting in increasing diffraction
efficiency and angular sensitivity of hologranm. It also allows
to synthesize a high-density matrix array. Key issues to gain
the practical applicability are how to overcome the drawbacks of
PCW such as the finite aperture and modal phase dispersion which
affects both image fidelity and holographic storage capacity.

In this paper, the solutions to the above problems of PCW
are presented. Both neural image processings by storing
holographic synaptic matrix in 2-D PCW array and distortion-free
image replication by phase conjugation in PCW are investigated.
LiNbO:; and BaTi0Os; waveguides are used in the experiments.

1I. Photorefractive crystal waveguides (PCHW)
ultiple wa interaction
In Fig.l, holographic recordings in bulk cystal and PCW are
compared. In PCW, the space saving factor becomes (1/N)*, and
the interaction increases by M times over the entire distance
compared with the bulk crystal. This is a key to enhancing both
angular sensitivity and diffraction efficiency of PCW holography.

REFERENCE
SPACE SAVING REFERENCE L
‘_L_’ BY (1/N)2 M- 4
& i=a/tand

v FOLDING
W BEEC RN N-TIMES

{t

Fig.]l Interaction of object and reference beams in holographic
recordings: (a)in bulk crystal and (c¢c)in PCW. Features of PCW
including compactness and multiple interaction of the beans.

LiNbOs crystal fibers in Fig.2(a) are prepared by the
resistance-heated pedestal method.* BaTiOs waveguide in
Fig.2(b) is prepared for the first time by cleaving from a single

bulk crystal. The length is around 5 am. _ 8711
\\\\%\\\M H\\\\M\\\M\\l‘
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Fig.2 Cross-sectional views of = 1+ \
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heated pedestal method and (b)BaTiO, 8 i \
waveguide from bulk crystal. “ 0.5 \
l
Fig.3 Experimental and theoretical ! FI W L
spatial resolution plotted against 0 5 10 15 20
incident angle of object bean. Incident angle e’ (Degree)

Dashed and solid lines without
and with PCM, respectively.

111.PCW holography
Spatial resolution
Fin:te aperture and modal phase dispersion are the major

causes to limit spatial resolution of PCW holography. The
spatial resolution A of Fourier hologram recorded in PCW is
2fA

= (D]

(a - 2L tan®) cos®'
where a denotes the diameter of the waveguide, and & and @ the
incident angle of Lhe reference beam in the crystal and the air,
L the waveguide length, f the focal length of Fourier lens, and

A the wavelength. In Fig. 3, the calculated A of Eq. (1) by
dashed line and the experimental result using BaTi0: waveguide
are shown against §”. For higher-order modes, & deteriorates.

A distortion-free reconstruction of hologram recorded in PCW
is realized by using phase conjugation.® Then, the spatial
resolution &8 of Fourier transformed hologram is restored to

=_ﬁ7»_. (2)
a cos6'

In the experiment, a BaTi0s photorefractive crystal 1is placed
Just behind the output endface of the PCW, and is used as self-

pumped PCM. The phase conjugate reference wave reflected by PCM
backpropagates on its original path and reconstructs the
holograam. As shown in Fig.3, the experimental result shows that

the compensation of the modal dispersion is achieved as is
predicted by the theory based upon Eq. (2) plotted by a solid
line. This suggests that for PCW holographic storage it is
possible to wutilize as many modes as required to bear high
spatial frequency components of Fourier hologranm.
Two-dimensional PCW array for neural nets

A novel approach to optically store and reconstruct 4th-rank
synaptic weight matrix Tis;x: of neural nets in 2-D PCW array is
proposed in Fig. 4. The synaptic matrix which connects 2-D input
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and output images becomes 4th-rank. This will be an only and
most realistic method to scale up T, «x:. The synaptic matrix is
obtained as T,,x:2mti, " vi: ‘™’ being u,; ‘'™ the target vector.
Tioxa is generated by optically performing the outer-product of
the input and targel vectors, and is recorded in the waveguide at
(k. 1) position of the array only for vi. %0, The summation with
respect to (m) is optically accomplished by overwriting the
corresponding hologram. The target image is duplicated through
the wmultiple Fourier transform systenm. In the reconstruction
process, the system output u;5 is obtained as u.,”% D ZlTanlel
by illuminating PCW with the input image where vy, is the input
vector. The phase conjugate wave of vi, which is reflected by
PCM placed behind the PCW array. reconstructs u.,,. The
summation of the optically reconstructed matrix elements is
automatically taken at the position of the output plane. The
PCM also works for compensating the modal phase dispersion. ,
The density of plane Fourier hologram is given by (2AF) *cos6
bits per unit cross-sectional area where F is an F number of the

Fourier lens. In the case of F=1 and A =0.5 pn, the storage
capacity as large as 500x500 bit/mm’ might be possible. fhe
overall storage capacity of the array consisting of 500x500 PCWs
becomes 63 Gbit. Furthermore, the capacity could be increased
by the angular-multiple recording. The angular sensitivity of
the hologram governs the angular multiplicity AM as
Leff n+1
= =S = 3)
AM Y (1 \2n ) (
where Laorr is the effective waveguide length (l-exp(- & L))/ X ,
and o is the loss of the waveguide per wunit length. From

Eq. (3), the multiplicity becomes typically in the order of 10%.

Recording of Tjjy Input plane ,
{SLm)

Target plane X I (i)vkl(m)

Lens array & Uij  r---y PCW Array

SLm t/’___/ Output plane

Reconstruction

|~

Fig.4 Holographic storage of 4th-rank synaptic matrix in 2-D PCW
array. PCW:photorefractive crystal waveguide, PCM:phase
conjugation mirror, SLM:spatial light modulator.

By considering the reduction of diffraction efficiency due to the
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multiple recording, AM of 10 will be attained with ease,
resulting in the total storage capacity of the system of
approximately 600 Gbit.

1V, PCW phase conjugation
Generation by 4-WM
The generation of the phase conjugate by 4-WM can be

observed in PCW, The input image will be replicated at the
input with a high fidelity. A preliminary experiment is
conducted for the first time by using a BaTi0O; waveguide. From

Fig.5, the generation of phase conjugate wave is verified due to
the fact that the fidelity of the reflected field(b) is improved
compared to the transmitted image at the output{a).

Fig.5 Experimental results of phase conjugation by 4-WM in
BaTiOs PCW. (a)transmitted 1image at the output end and
(b)replicated image at the input by phase conjugation.

Constraints for perfect image replicatijion

From the theory,®’’ there are three major constiaints under
which a perfect replication of Fourier transformed hologram is
obtained in a multimode waveguide:
(i)The "cross” mode coupling between the different modes

of the input and reflected fields must be negligible.
(ii)The mode-to-mode variations of coupling coefficient must be
negligible.

(ii1)The effect of the higher-order modes in the pump beams must

be insignificant.
Our study theoretically clarifies that the validities of the
above constraints are not perfectly guaranteed under practical
conditions. This will be detailed on-site.

V.Conclusion

Up to 500x500 image processings based upon neural nets seenms
realistic by using 2-D PCW array holographic storage system in
which PCM is incorporated. Another application of distortion-
free image replication by phase conjugation in PCW has also been
sucessfully demonstrated by using BaTiOs.
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IMAGE TRANSMISSION THROUGH MULTIMODE FIBER
AND THE PHOTOREFRACTIVE CRYSTAL

A.Gnatovskii,A.Volyar,N.Kukhtarev and S.Lanaeva

Institute of Physics,Academy of Sciences of the Ukr.SSR
Prospekt Nauki 4z,252650,USSR

We describe the results of the image transmission through the
multimode optical fiber and photorefractive crystal LiNbO,:Fe.Experi-
ments were done with HeNe laser (A =0.633mm) , with multimdde fiber of
JOmm diameter, the aperture number 0.17 and 2m long.After passing an
optical fiber light wave E1 were mixed with another coherent wave E2

at the photorefractive crystal.Amplitude mask was introduced in E
wave and a dynamic hologram was recorded in the crystal through pﬁo-
togalvantiic effect /1/.Retrieval of this hologram was done by another
counterpropagating wave E, ,which lead to difracted wave E, conjugated
to E,with 18% difraction é&fficiency after 3min. of hologram writing.
%o reproduce polarization state of the input wavespecial orientation

of the crystal should be used: crystal C axis is_perpendicular to She
plane of incidence, polarization ofE., wave is 45  and of E,is =-45"to
the crystal C-axis.Then phase conjuggte wav e modulated by mask pro-
pagate in reverced direction throug fiber, and after filtering from
the epecle pattern by difraction on another correcting holograms, re-
produce mask image in the image plane.

This is first, to our knoledge, succesfull one-way transmission
of the image through 2m long multimode fiber.

1.N.Kukhtarev,T.Semenets,A.Volyar and S.Lapaeva,"Polarization recove-
ry during PC in the photorefractive crystals2,to be published




Monday. July 29,1991

Feature Session on Optical
Storage and Memories

MD 7:30pm-9:00pm
Academic Center Auditorium

L. Hesselink, Presider
Stanford University




...

/o AD-P006 724
O W

Phase-coded hologram multiplexing tor high capacity optical data storage
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Introduction

Reconfigurable volume holograms are important for a wide range of multiple data storage applications,
including optical interconnection systems, image processing and neural network models. Therefore, there
has been much previous work on multiplexing techniques to obtain a large number of stored images which
can be recalled independently. But even the most promising of these multiplexing techniques, angular
multiplexing using the selectivity of the Bragg-condition, revealed to be limited primarily because of cross-
correlation noise. Moreover, mechanically changing the incident angle of the reference beam!.2 requires a
high reliability in the positioning and is therefore inherently slow. To overcome these problems, an
intensity spatial light modulator can be used to define the various angular multiplexed incident directions3.

However, this solution is energy consuming.

Out of these reasons, we present in this paper an altemnative approach implementing a phase coding method
of the reference beam. Phase encoding has been discussed for interconnecting vector arrays in thin
holograms* and, more recently in a different context, to perform array interconnections by correlation of a
reference beam with a supplementary phase-coded input beam?.

In contrast to these investigations, we use a reference beam phase coding method in thick volume holo-
graphic media, taking thus full advantage of the selectivity of the Bragg-condition in volume storage media.
In our method, all images are stored with pure and deterministic orthogonal phase references, each of it
divided into n x n = N pixels. During recording, all these reference pixels overlap the image beam in the
recording medium and the angular spacing between two adjacent pixels is chosen to be large enough to
satisfy the Bragg-selectivity. As an advantage of that method no alignment problems occur during writing
and readout-cycles. Moreover, orthogonal phase code addressing provides easy, reliable, and immediate

reference wave images. Especially, theoretically no crosstalk and therefore noiseless reconstruction appears
because the reconstructions of the undesired images interfere destructively to produce zero intensity. In our
theoretical approach we calculate the storage capacity of our multiplexing method. We show, that the
maximal number of holograms able to be stored is equal to that obtainable in angular multiplexing.

Experimentally, we realized for the first time a system using purely phase coded reference waves to store
four images, which could be recalled with low crosstalk. Moreover, to quantify the features of the system

realized, we investigated the recall of two simple images.

Phase encoding in thick media

Among the several phase coding methods which can be used efficiently in volume holographic media,
deterministic phase encoding seems to be the most promising one, because it ensures a high signal-to-noise
ratio. In contrast, for random phase encoding crosstalk may become significant when the number of stored
holograms grows too large. The deterministic phase encoding technique we are developping allows to store
M images in a thick recording medium and to retrieve each image separately with low crosstalk. This
number M will be precised below. The corresponding scheme of the recording arrangement is depicted in
fig. 1. During the recording procedure, the image beam, whose complex amplitude
0.5-(Aq-exp(jk.r)+cc.) carries the information of the qth image, simultaneously interferes with all N
pixels of the reference beam. This can be interpreted as an interference with N different reference beams.

1 permanent address: Institut fiir Angewandte Physik, Technische Hochschule Dammstad:, Hochschulstr. 6, 6100 Darmstadi, Germany
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Each of these references is encoded with
a phase modulation carrying the com-
plex amplitude
0.5-(Pexp(jo,9)-exp(jke.r)+cc). Here,
the set of adjustable phases
(9,9, ... , o9 represents the address
of the g'h image.

Assuming that the recording medium is
a photorefractive crystal, we can derive {
an expression for the diffracted ampli-
tude 0.5-(R-exp(jk.r) + cc.) during
readout of the holograms with the N
reference beams and the address (¢,9,

BaTiO3-
crystal

Fig. 1: Scheme of the experimental setup;

... , @n9) using the coupled wave El E Li = lenses, H = point source array CGH_. -
analysg and the material equations: {;Sfm‘g[;g;gggf f;y;‘na‘a;gf;f;,;e‘) = CCD-camera
R M N T fl3 rgfﬂ' l P[P;
—=j.exp(jy). ¥ X —— = E, .= .exp|jl¢7 - 9])) - 4 (1)
P g1 A2 (1, +1z) ( ( ))

In eq. (1) we used usual notations. The effective electrooptic coefficient r.gf and the space charge field E ¢
depend on the reference beam we consider. I, = 0.5-A A’ is the intensity of the g™ image beam,

Iz = 0.5-ZP,P, the total intensity of the reference beams.

If we assume now a perfect system, the terms rqf, E. £ and P, are independent of the special reference
beam we consider and are equal to rg, E,. and P. With I = 0.5 PP*, eq. (1) simplifies to:

oR _ . o
_éz_:j'exp(jW)'T'reﬂ"Esc'lO'

In order to retrieve the p image (R = Ap) without crosstalk, we have to address the system with phase
codes fulfilling the condition:

M A N o
q%lm : Zexp(l(‘/’f -¢f )) @

- 3
Zexp(ﬂp,”) . exp(~j¢}’)=0 ifp#q &)

£=1

This equation can be solved using matrix algebra methods so that the problem reduces to find matrices X
with X;-X;* =1, where 1 is the unity matrix. Because in that solution all row vectors of X; are or-
thogonajl, we must choose orthogonal phase codes to retrieve the ph image without crosstalk. I Nisa
power of 2 and if the phases ¢4 are chosen equal to 0 or &, then N orthogonal phase addresses can be
constructed using the Walsh-Hadamard transform.

Thus the number M of images wich can be stored in the recording volume medium is equal to N and is only
limited by the Bragg-selectivity. This limitation is the same which appears using the usual angular multi-
plexing technique. If we assume exponential writing and readout behaviour with the same time constants
for the refractive index modulation, the requirement that all holograms should have the same diffraction
efficiency at the end of the recording cycle leads to a recursive equation giving a simple expression for the
maximal number of holograms which can be stored

M = An,,,,/An, O]

where An,,, is the index modulation required for maximal diffraction efficiency obtained for single image
recording and An, is the index modulation for minimal diffraction efficiency, which still can be detected
relative to noise.

Up to now, we considered a perfect system (eq. (2), (3)), where no crosstalk exists between images.
However, when we switch to real systems (eq. (1)), crosstalk may become a limiting factor, which arises
from different origins. Among them, the nonuniformity in the photorefractive diffraction efficiency
(rf E, ! # g E,J) and in the reference beam intensity (P2 = |le2) and the imperfections of the phase
modulator (¢ = @, 9 + €) play an important role. The amount of crosstalk resulting from these origins
will be discussed at the conference and a technique to reduce it will be proposed.
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Experiments

The reference beam is phase coded using the combination of a computer generated matrix-array hologram
(CGH) with a commercially available liquid crystal TV (LCTV) (see fig. 1).

The hologram is used to create a 6 x 6 array of converging waves and is imaged onto the crystal. Thus
we ensure that all phase code pixels of the array are superposed completely in the crystal volume.

The LCTV as phase modulating element is placed behind the CGH in such a way that phase encoding take
place where the beams are still separated. Phase-only modulation can be achieved in these LC-cells when
the inherent birefringence effect (associated with the molecule) is altered as the structure of the LC starts to
deform. This effect appears when the applied field is above a certain threshold field. For high applied
fields, the twisted structure starts to untwist itself and the polarization modulation takes place too, leading
to a hybrid operation mode of the LCTV. For optimum phase modulation effect, the polarization direction
of the incident light must be aligned parallel to the molecule director on the LCTV's front surface$:

In our experiments, hybrid modulation occu-
rred even for low applied fields, such that a

MY XeX) phase-nearly modulation with the two binary
000 @0 values 0 and &t was obtained using the maxi-
—leoceoce mum and minimum output grey levels of the
R XX Yo LCTV. Therefore, a quarter-wave and a half-
eo0eO0e® wave-plate were necessary behind the LCT'V-

screen {0 ensure phase-only modulation. A

LCTYV phase encoding Hologram spots  Resulting phase mask

Fig. 2: Binary phase encoding mask obtained by the combina-
tion of a liquid crystal TV and a computer generated hologram

supplementary polarizer behind these wave-
plates selects again extraordinary polarization
to take best advantage of the large electrooptic

creating a matrix of separated converging waves. effect in BaTiO5. For convenience, these three

elements are not shown in fig. 1.

The phase coding mask was created from a host computer connected to a frame grabber, which sent the
coding image to the LCTV screen. The resulting phase address of the reference beam after passing through
both elements is shown in fig. 2.
To control the reliability of the phase-shift, a Mach-
Zehnder interferometer was used, monitoring the in-
terference fringes shifts for maximum and minimum
grey scale levels relative to the signal beam on a
photodiode array. Again, for simplicity that part of the
setup is not shown in fig. 1. We observed deviations
in the range of a few percent from ideal O/r phase-
shifts due to temporal fluctuations of the grey scale
level of each pixel in the LCTV. Thus, although
theoretically all crosstalk contributions should interfere
| i destructively and vanish, these imperfections of our
phase encoder give rise to a certain amount of
\ it 198 crosstalk.
SR Y As photorefractive medium, a single domain, as-grown
\: BaTiO, has been used, illuminated by an Ar*-laser
| i qos operating on a single frequency mode. The crystal was
2F ' [ L B3 T 9 oriented in such a way that the direction of the energy
! 1. exchange between the two writing beams were from
OLL 355350 the reference to the signal beam.

Time / seconds — To investigate the readout properties and reliability of
our system quantitatively, we choose two simple
images as input: two vertically separated spots (see
fig.1). Thus, crosstalk and temporal writing, readout
and erasure properties of the interconnection holograms
could be observed properly.
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Fig. 3: Writing and readout cycles with the binary phase-
coding method for two vertically separated spots as simple
input images. Left side: Writing cycle of the two images,
right side: alternative retrieval of both images with the
corresponding phase codes.

Fig. 3 shows the writing and readout cycle for these two images, detected by two photodiodes. As phase
coding addresses, the matrix was divided into two fields, carrying the phase 0 or n. During the writing




MD1-4 / 125

cycle (fig. 3, left side), each image is recorded sequentially, but the length of each exposure is different.
The first hologram is recorded long enough to reach saturation. The recording time of the second one is
adapted so that after recording both holograms have the same diffraction efficiency. The values of the
diffraction efficiency are relatively low compared to what we obtain without phase encoding. This fact
arises, oecause the phase fluctuations in the phase coding mask decrease the degree of coherence between
both writing beams.

After recording being accomplished, the image beams (A, A,) were blocked and both phase codes (¢,,
¢, were used to retrieve alternatively the corresponding image (right side of fig. 3). We found a crosstalk
of signal-1(¢,2)/signal-2(¢2) =signal-2(¢,')/signal-1(¢,!) = 20 £ 5% for both images. This is also due
to the fluctuation effects of the pixels of the LCTV that exist during both, recording and reacout cycles.

In a next step several different images were written and selectively read out. Here, a 2 x 2 matrix of
orthogonal phase fields was chosen as encoding pattemn. Fig. 4 shows four images and their retrieval with
the corresponding phase mask, demonstrating that they can be recalled and distinguished properly.

At the moment, investigations are in progress to define the phase coding element necessary to realize a
system with 1000 images stored with our phase coding method.

Fig. 4: Input (a) and recalied images (b) stored with the binary phase-codation system shown in fig. 1.

Conclusion

In conclusion, we have investigated a deterministic phase-coding method for high capacity optical image
storage in photorefractive materials taking full advantage of the Bragg-selectivity of volume materials.
Compared to other multiplexing techniques as angular multiplexing, that method allows high storage ca-
pacity without alignment problems. Moreover, easy, light efficient as well as immediate image retrieval
without any time delay is possible. Experimentally, we realized a system which is able to discriminate four
images with low crosstalk. Current limitations of the system arisc mainly from the phase modulator, a
commercially available LCTV. We suggest, that with a reliable phase coding element, much lower crosstalk
values can be achieved and the system will be able to store and recall multiple images.
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Multi-mode operations of a holographic memory using orthogonal phase codes

Yoshinao Taketomi, Joseph Ford, Hironori Sasaki, Jian Ma, Yeshaiahu Fainman and Sing H. Lee

University of California San Diego, Electrical & Computer Engineering Dept., La Jolla CA 92093

Introduction

Holographic memories offer the advantages of high storage density, distributed storage, and
fast parallel access. These characteristics can be important for parallel opto-electronic computers
such as neural networks. The memory can be used to hold a training set which is repetitively
displayed during learning. In addition, if partitioning is used to solve problems requiring more
neurons than the actual number of processors, the memory can also be used to hold connection

“weight and threshold information. In this paper, we present results from a photorefractive memory

using incremental recording scheduling and binary orthogonal phase codes image addressing. We
show how this approach allows modification of the content and diffraction efficiency of the stored
images, and how multiple images can be combined by complex amplitude addition and subtraction
during reconstruction.

Memory design

The photorefractive memoryl uses an incremental recording schedule to initially load the
images. Each image and reference pair illuminates the crystal for a recording increment which is
short compared to the crystal's response time. All of the images to be recorded are cycled through
repetitively. The crystal's recording sensitivity is highest for index modulations much lower than
the saturation level. Initially, some of the increase in diffraction efficiency during a recording
increment remains even after all the other images have been recorded, and all of the recording
gradually increase in diffraction efficiency after each cycle. After a certain number of cycles,
saturation is reached. In contrast to the scheduled recording approach2, only one parameter --the
recording increment-- is necessary, and no detailed knowledge of the crystal's recording dynamics
is needed. This may become important for crystals which have either field or material
nonuniformities across their aperture. The saturation efficiency for incremental recording is
identical to that reached by a scheduled recording cycle. Depending on the increment chosen and
the number of cycles used, the recording energy required can also be reduced. However, to
implement incremental recording, the interference pattern produced by each hologram-reference
pair must be reproduced exactly, to within much less than a fringe width. To make this possible,
we use a phase only reference image, keeping the crystal and all optical components rigidly fixed.

The phase only reference image consists of a set of phased plane waves, each separated from
the others by more than the Bragg selectivity requirement. All of the reference beams have unit
amplitude. The reference images are made distinct by choosing a set of phases on each plane-wave
component. We require that each phase code reconstruct only it's corresponding hologram. That

is, that
S N (i=k
> RiRy; = { (i=k)

i=1 0 (l#k) (1)

where Rj; represents the coded reference beam of the jth pixel of the ith code. In general, there are
N solutions of this equation for an N pixel code. For the particular case of binary (zero and pi)
mses, the solution set is the Walsh functions, shown in Figure 1. These functions are regular,

can be generated by a simple binary tree logic structure from a logsN bit address. Using this
binary phase reference beam allows the same memory addressing capacity as angle-muitiplexed
intensity modulators, but with full energy efficiency.

\n\\mm\m\\n\\\l\\\m\m
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Experimental demonstration

The experimental system is shown in Figure 2. Iron-doped LiNbO3 was the recording media.
The phase codes were displayed using a glass plate with the patterns shown in Figure 1(a) ion-
beam etched into it. The one-dimensional codes were mechanically translated in front of a
microlens and pinhole array, using a computer controlled stage. The images were recorded on
transparencies, moved into position by another translation stage. Finally, the exposures were
made with a computer controlled electromechanical shutter. Fixed patterns, rather than spatial light
modulators (SLM), displayed the phase code and images because for the initial demonstration we
wanted to test only the phase coding and not SLM response. The resulting memory output for 4 of
16 images is shown in Figure 3. A more quantitative result is given in Figure 4, where raster
scans of 16 patterns with no overlap showed that the average signal to crosstalk ratio was 100 to 1,
with a worst case ratio of 30 to 1. This corresponds to expectations, given the slight
nonuniformity of the phase code intensities.

Multimode memory operation
The phase code address has N orthogonal settings, as shown in Figure 1, but 2N possible

states. The other 2N-N address correspond to combinations of the N memory addresses. In the
case of N=16, the number of address becomes 65536. The memory output will be a linear
superposition of the complex amplitudes of the memory contents. Figure 5 shows how the basic
orthogonal codes can be combined to produce the reference images which will recall the sum and
differences between any two memories. In general, the address representing a combination of M
different memories has integer values ranging from -M to M. However, if the number of phase
code pixels is large, the address can be truncated to binary phase only and still retain most of the
information. We will present simulation and experimental investigations of this behavior. Using
this capability, a memory containing a well-chosen basis set of patterns can be used to generate a
large number of images. As a trivial example, sixteen single line segments can produce the 26
letters and 10 numbers of an alphanumeric display.

Summary

We have described a photorefractive holographic memory design using orthogonal phase code
addressing and incremental recording. The requirement for using incremental recording is that
system must be able to display image and reference pairs repetitively, accurately reproducing the
fringe patterns. In exchange for this, the system is capable of monitoring the diffraction efficiency
of each memory, making corrections and adjustments. For example, if a memory is no longer
desired, the identical image can be recorded with complement of it's phase code to selectively erase
only that memory3. The phase code addresses can be generated using a binary tree logic structure,
allowing memory access limited only by the SLM speed. In addition, the phase code addressing
approach can be used to generate additional images, multiply combining the memory contents
through complex weighted addition and subtraction. Our presentation will include experimental
and computer simulation investigations of this capability.
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Figure 2. Experimental set-up. The reference beam is modulated by a 1-D phase modulator,
then focused by the lenslet array and filtered by the pin-hole array. The phase modulated points
are Fourier transformed into multiple overlapping plane waves which cover the entire crystal
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Figure 1. Binary orthogonal phase codes (a) and the complements (b).

Orthogonality is maintained even after the complimentary codes are introduced.
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Figure 3. Reconstructed images (4 out of 16 superimposed holograms).
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Figure 4. Raster scan results of the reconstructed
images using binary orthogonal phase codes.
The images were chosen to have no overlapped
portions 1o check the orthogonality of the codes.
The results show high signal to crosstalk ratio,
with 30 to 1 in the worst case and 100 to 1 on
average.
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High Resolution Volume Holography using
Orthogonal Data Storage

Amnon Yariv, George Rakuljic, Victor Leyva

Holographic volume data storage has long heen an intriguing subject
of research interest. The main reason for this interest is the promise
of eavsmvus Jula swruge vupuoities. In o lom® volume, Storage of
1012 bits or more is possible using visible light (1), However, to date,
all attempts at artaining and demanstrating s <olume holographic
data storage system of this density have fallen far short of this
theoretical limit (2-6), Although materials limitations contributed to
this shortcoming, of more fundamental importancc, howcver, were
the problems associated with the ungular multiplexing schemes used
to holographically access the volume of the storage medium (7-9),

The angular multiplexing schemec oftcn uscd is one in which many
two-dimensional patterns or images are scquentially rccorded with
successively angle-multiplexed reference waves. Holograms stored
in this manner suffer from excessive noise and crosstalk, thereby
significantly reducing the storage capacity of the recording mediuwm
(8-10), These difficultles aris¢ from the inherent, inefficient “use” of
K space by the angular multiplexing method.

Often, photurefltactive mawriuls were used as the holographie Storage
media (1), However, such materials previously lacked an cffcctive
and efficient fixing mochanism for the pormancat retontion of the
otored informmtivu ¢ '™, fldivugh wesvaclivis using Muum pjvvae
in the past, for example, have been able to permanently fix their
holograms, the resultant hologram diffraction efficiencies were
small, ospecially when many information containing holugimns were
stored (13.14),

The Optologic orthogonal data storage system overcomes these two
problems in a basic fashion. The system is based on two
fundamental discoveries: (1) an cnhanced fixing scheme which allows
permanent storage of high diffraction efficiency holograms in a
photorefractive material; and (2) the orthogonal data storage scaheme

which permits the theoretical maximum storaze capacity of VA bits
to be realized by holographically recording numerous, very high




definition (diffraction limited) 2D images in a photorefractive
medium using wavelength multiplexing. The latter is done by a
fundamental spreading of the stored information not only throughout
the physical volume of the storage medium, but also throughout the
available K space. The large storage capacity of the orthogonal data
storage system is a result of both the increased hologram fixed
diffraction efficiencies (signal) and the simultaneous reduction of
hologram noise and crosstalk that is realized with this system.

In particular, we have demonstrated the corthogonal data storage
approach by storing more than 50 permanently fixed, high
diffraction efficiency holographic images with no crosstalk in a 2mm
thick LiNbOj crystal. The spatial resolution of each hologram was
better than 2 microns, The lifetime of the fixed gratings was
determined from elevated temperature measurements to be over 70
years at room temperature.
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Abstract:

The practical limit on the storage capacity of photorefractive media is estimated

for a given bit error rate and read out bandwidth.
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1 Introduction

A fundamental argumeut based on the number of multiple exposure volume
holograms that can be distinguishably recorded and retrieved in a photorefractive
database places an upper limit on of about a terabit per cubic centimeter on the
storage densityl. However, the practical limit is much smaller and depends on the bit
error rate (BER) and read out band that are desired.

The BER that will be experienced on reading one set of equal diffraction effi-
ciency multiple exposure volume holograms will depend on the signal to noise ratio at
the output detector. The signal wil! depend on the laser power in the read beam and
the diffraction efficiency of the hologram. The noise will consist of intrinsic detector
noise and crosstalk noise.

The crosstalk noise analysis depends on the method used to address multiple
holograms or pages of information. One method is Bragg selection or angular ad-
dressing. In this case each hologram is recorded with different angles between object
and reference beams. This produces holograms with different grating vectors. Read
out of a particular page then occurs when the reference beam satisfies the Bragg con-
dition with the grating vector of the hologram containing that page. Crosstalk can
occur when light is scattered from the read out beam from crystalline imperfections.
When a large number of pages with closely spaced Bragg angles have been recorded,
the scattered light will have a very high probability of addressing another page giving
rise to crosstalk noise.

Another way to record multiple pages in a photorefractive crystal is to keep
the angle between the object and reference beams the same while recording each
page but apply a different spatial modulation pattern to the reference beam for each
page?. If these modulation codes are choosen to be orthogonal, they will serve as
page addresses. When one of these patterns is applied to the reference beam during
read out, the page that was recorded with that pattern will be reconstructed. In this
case, scattering from crystalline imperfections will contribute much less noise in the
detector plane. But the lack of perfection on the spatial light modulator that applies
the addressing patterns to the reference beam will provide another mechanism for
crosstalk. It is this sort of crosstalk that will be modelled here.

2 The crosstalk Model

In the case we are considering here, crosstalk comes about because the spatial
light modulator (SLM) can not apply a pure orthogonal addressing pattern to the
reference beam. The beam will be predominately modulated with the desired pattern.
But because of SLM imperfection there will be a small admixture of all the other
patterns. During writing a page, this will cause a small amount of overwriting of
other pages. These effects are fairly simple to model in the case where the addressing
patterns are simple amplitude patterns such as (1,0,0,...), (0,1,0,...) etc. and the only
non ideality in the SLM is a finite contrast ratio. But when phase patterns are used,
the .LM non-idealities include small random phase shifts. To model this crosstalk
noise, we use a simple one parameter model that assumes that the average signal
power at each detector in the output plane to be

Pd=(%)(1-5) (1)




where 7, is the diffraction efficiency of the holograms, Py, is the readout laser power
reaching the photorefractive crystal, N, the number of bits per page, and £ is a
parameter that measures the crosstalk. The £ parameter is a measure of crosstalk or
the tolerance of error in the applied orthogonal codes. It can also be viewed as the
SLM merit factor. For instance, £ is equal to zero for a perfect SLM that displays
the desired pattern without any mixture of the other patterns, and £ is equal to 1 for
an SLM that is so bad that it could not display even a small fraction of the desired
pattern. Therefore, the SLM crosstalk measure parameter £ is always equal to a value
between 0 and 1 (0 < £ < 1). The crosstalk noise power reaching each detector is
then:

P = (L) @)

The signal to noise ratio is then:

s 2M2(fan) (3)
N M2+x(3_e;:(ﬁi_"h‘_§§)_”A_" + 2eigAv) + ﬂ‘%—" + 2M2(%2)2,

The first term on the bottom on the right hand side of Eq.3 is the detector shot
noise. The second term is the Johnson noise and the third term is the crosstalk noise.
M represents the gain factor for the case when an avalanche photodiode is used. It
is equal to 1 when a regular photodetector is used. x is the excess noise factor. i4
is the dark current, e is the electronic charge and h is the plank’s constant. Ry, is
the resistance of the detector, 7y is the quantum efficiency, and 7 is the absolute
temperature. Finally Av is the system bandwidth or the inverse of the time the
detector array integrates photons while reading out one page. Once the BER or the
probability of error p. is chosen, the signal to noise ratio (SNR) can be obtained by

solving Eq.4: \/_
_1 i
pe=5(1~ erf(2—\—/—_5)). (4)

Then this SNR value in conjunction with Eqs. 1 and 2 can be used to recast Eq.3
into a quadratic equation that can be solved for the quantity:

2= (3 (5)

The relationship between the number of multiple exposure holograms, N,, that can
be superimposed with equal diffraction efficiency in iron doped LiNbOj is given by?,

400.0
Nd

Ny = (6)
This dependence of N, on 74 is generally valid for N, > 50, and does not account for
losses through the photorefractive crystal. Eqs. (5) and (6) can be combined to yield
400
N,Ny = —. 7

P b QNP ( )
Eq.7 gives the total storage capacity of the photorefractive crystal as a function of
the number of pages stored in the crystal.
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3 Discussion

A computer model using the analytical results of the last section was written
to evaluate the maximum storage capacity of photorefractive crystals. To evaluate
this storage capacity, an array of avalanche photodiodes (Hamamatsu 5S2381) APD
has been selected at the output. The characteristic of the APD at a wavelength
A = 514nm are fixed; dark current iy = 0.1nA, the output resistance Ry = 5012,
the quantum efficiency 7 = 0.5, the excess noise factor xy = 0.3, and the avalanche
multiplicative gain is fixed to M = 100. The read laser power is chosen to be Pr, =
40.0mW.

The fuctional dependence of the storage capacity on crosstalk for a BER=10—¢
is shown in fig.1. It is monotonically decreasing with increasing crosstalk. This plot
shows also beyond a certain value of £ (0.95 in this case), the crosstalk is so high that
accurate detection of the stored information can not be achieved. The plot in Fig.2.
shows that the storage capacity increases with increasing read out time as pointed out
by Blotejaer®. Finally, the plot in Fig.3. shows that the storage capacity decreases
with increasing number of pages for different crosstalk values. Thus, to attain high
storage capacity values, on should consider storing a small number of highly dense
pages instead of a larger number of less dense pages.

4 Conclusion

Crosstalk noise sets the limit on the capacity of storage of information in pho-
torefractive crystals. It has been shown that the storage capacity increases with
increasing read out time of a page. Finally, to increase the storage capacity of pho-
torefractive crystals one should consider storing a small number of very dense pages.
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Angular Selectivity of Holographic Gratings in BSO
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Abstract

Optics offers the promise of large number of weighted
parallel interconnects for use in optical neural networks.
However, to date the maximum number of holographic
interconnects stored in any photorefractive crystal was 500 in
Fe:LiNbO3., It has not yet been established what are the
fundamental limits to the maximum number of angularly
multiplexed gratings. One relevant parameter is the angular
selectivity of a holographic grating. In this paper we compare the
theoretical angular selectivity c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>